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A b s t r a c t  
Under c e r t a i n  c o n d i t i o n s  i t  should be p o s s i L l l e  t o  cause  t h e  r e a c t i o n  
* 7'; Na + Na -+ V +Na2 ,  and t h e  Na2 complex should  decay  r a d i a t i v e l y  t o  t h e  ground 
s t a t e  w i t h  a  decay l i f e t i m e  o f  8 nanoseconds. T h i s  t h e s i s  d i s c u s s e s  t h e  con- 
s t r u c t i o n  of  a n  expe r imen ta l  a p p a r a t u s  t o  obse rve  t h i s  p rocess .  A n i t r o g e n  
7k l a s e r  pumped dye l a s e r  i s  used t o  c r e a t e  t h e  Na2 s t a t e  i n  a sodium vapor .  The 
r a d i a t i o n  from t h i s  s t a t e  i s  observed and timed u s i n g  s i n g l e  photon coun t ing  
t e c h n i q u e s .  P r e l i m i n a r y  r e s u l t s  have been ob ta ined  bu t  a r e  not  y e t  unders tood.  
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I. Introduct ion 
This t h e s i s  i s  a discussion of an experimental attempt t o  form and observe 
the decay of the dimer system of an exci ted s t a t e  sodium atom i n  the  presence 
of a ground s t a t e  atom. The l i f e t ime  f o r  t h i s  system has been predicted t o  be 
e ight  nanoseconds, one ha l f  the f r ee  atomic l i f e t ime .  A block diagram of the 
experimental setup i s  shown i n  Figure 1. A nitrogen l a s e r  pumped sho r t  pulse 
tunable dye l a s e r  i s  used t o  exc i t e  these dimers i n  a sodium vapor. Their 
decay i s  then s tudied by passing the rad ia ted  l i g h t  through a monochromator and 
then observing it and timing the decay of the e x c i t a t i o n  using s ingle  photon 
counting techniques. This equipment i s  now funct ioning and appears t o  be su i ted  
t o  studying a r i ch  v a r i e t y  of o ther  e f f e c t s  dea l ing  with the  in t e rac t ion  of 
r ad i a t ion  and atoms i n  addi t ion  t o  i t s  o r i g i n a l  purpose. This t h e s i s  i s  basi-  
c a l l y  a discussion of the construct ion and operat ion of the apparatus and con- 
s ide ra t ions  involved there in .  F ina l ly ,  there i s  a shor t  survey of the enigmatic 
preliminary r e s u l t s  which have been obtained, and the fu r the r  work which is  
needed. 
11. Theory 
The theory and f e a s i b i l i t y  of t h i s  experiment have been discussed i n  some 
d e t a i l  i n  Reference 1. The treatment i n  t h i s  t h e s i s  i s  only intended t o  be a 
b r i e f  and simple coverage of the bas ic  concepts. 
Figure 2 
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For two s ing le  e l ec t ron  atoms whose nuc le i  a r e  a d i s tance  R apar t :  @J 
= ho - ez e ' -I-- R 
This reduces t o  the well-known d ipole  approximation i f  R )) )rP Gb 
Then: LC# cb -3[caoi)(git<j ] H'" 
ri)' 
which is the in t e rac t ion  energy of two d ipoles  separated by a d is tance  R. If 
the two atoms a r e  ident ical lbecause of p a r i t y  conservation, the f i r s t  order  
expectat ion value of Hr must be zero. Then the f i r s t  cont r ibu t ion  t o  the i n t e r -  
ac t ion  energy i s  j u s t  the well-known 1 Van der  Waals term. However, i f  the  9 
two atoms a r e  sodium atoms i n  a s ing ly  exci ted superposi t ion of the  3s and 3P 
s t a t e s ,  there  w i l l  be a f i r s t  o rder ,  i . e .  1 cont r ibu t ion  t o  the energy, i?' 
For t h i s  case the eigenfunctions of Ho a r e  
rn 3 2 ~ ~  t h e  c o n  p o  n e d  
o f  L q l o n q  $ 
When the  f i r s t  order  H' term i s  included, the new e igens ta tes  a r e  the 
h 
symmetric and an t i spaneer ie  combinations of and ?I?, 
and the  f i r s t  order  per turbat ions t o  the  energy of these wave funct ions a re :  
and 
The r a t e  of dipole  t r a n s i t i o n s  t o  the ground s t a t e  depends i n  the usual way on 
the dipole  matrix elements. I n  t h i s  case the dipole  matrix elements a r e  jus t :  
and 
but e < ~ * l / ~ / ~ } i s  the d ipole  matr ix element f o r  the sodium D-line so  the  decay of 
.x w i l l  be twice a s  f a s t  a s  the normal atomic decay r a t e  of 16 n see. These 
symmetric and antisymmetric e igens t a t e s ,  henceforth r e f e r r ed  t o  as "dimers," 
correspond t o  a  "sharingt' of the e x c i t a t i o n  and a c t  very much l i k e  two c l a s s i c a l  
harmonic o s c i l l a t o r s ;  i n  the symmetric case they o s c i l l a t e  i n  phase and r ad ia t e  
twice a s  f a s t  a s  an individual  o s c i l l a t o r ,  while i n  the antisymmetric case they 
a r e  j u s t  180° out of phase and hence the mutual r ad i a t ion  f i e l d s  cancel each 
o the r  out .  These two cases  a r e  pure Dicke s t a t e s ,  one superadiant and the o ther  
subradiant .  Such s t a t e s  have been discussed i n  some d e t a i l  by Dicke i n  Reference 3. 
For such behavior t o  be observed, two c r i t e r i a  must be met - - f i r s t ,  the two atoms 
must be much c lose r  than a  wavelength, but  t h i s  is very e a s i l y  s a t i s f i e d .  The 
second i s  t h a t  the r e l a t i v e  k i n e t i c  energy of the two atoms must be l e s s  than 
the  i n t e r a c t i o n  energy so  they a r e  bound and w i l l  remain together  long enough. 
This experiment w i l l  work with binding energ ies  i n  the  range . O 1  t o  .1 ev, 
which correspond t o  exc i t a t i on  wavelengths of 6015 t o  6240 A. 
A thorough ca l cu la t ion  of the symmetries and s p i n  o r b i t  e f f e c t s  of the 
sodium sodium system has been made by Robert Bailey i n  Reference 1, and 
a copy of the po ten t i a l s  and possible  t r a n s i t i o n s  he obtained i s  shown i n  
Figure 9 i n  Appendix 3. The purpose of the present  experiment i s  t o  c r ea t e  
the bound symmetric e igens ta te  using a pulsed dye l a s e r  (Transi t ion 1 i n  
Figure 9 ) ,  and then observe the  8 n sec. l i f e t ime  and the spectrum of r ad i a t ion  
emitted i n  the decay of t h i s  s t a t e .  The spectrum of the re rad ia ted  l i g h t  i s  
determined by the Frank-Condon f a c t o r s  between the exci ted and ground s t a t e s .  
Estimating these f ac to r s  has  been g rea t ly  complicated by the continuum ground 
s t a t e  of the f r e e  atom; and so f a r  t h i s  problem has not  been solved. However, 
the problem is  present ly  being worked on by Daniel K,leppne-, and i t  appears 
t h a t  r e s u l t s  should be obtained soon. 
The formation of the symmetric dimers has a t yp ica l  resonance c rossec t ion  
of about 7ffit and therefore ,  the dominant f a c t o r  i n  the  dimer formation r a t e  
comes from the dens i ty  of s t a r e s .  This i s  simply the number of p a i r s  of atoms 
which a r e  c lose  enough together  and with a small enough r e l a t i v e  k i n e t i c  energy 
t o  be exci ted i n t o  the dimer s t a t e .  The temperature dependence ( 1  - p") 
of the percent which has a low enough k i n e t i c  energy t o  be bound changes very 
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much slower than the temperature dependence of the pressure [h ) so  the 
formation r a t e  should be dominated by the pressure squared dependence of the 
number of p a i r s  s u f f i c i e n t l y  c lose  together  f o r  exc i ta t ion .  
111. Dye Laser 
A. Introduct ion t o  Dye Laser 
The r ad ia t ion  source f o r  t h i s  experiment is a pulsed ni t rogen l a s e r  pumped 
dye l a s e r  developed by Hanschp Although it can be used with a v a r i e t y  of dyes 
spanning the o p t i c a l  and near i n f r a red  spectrum, t h i s  experiment has used only 
the dye Rhodamine 6G and t h i s  w i l l  be impl ic i t  i n  a l l  f u r the r  discussion except 
f o r  the b r i e f  note on the  use of the dye Rhodamine B. Due t o  the very high gain 
and wide s p e c t r a l  range of outputs  possible  i n  a dye l a s e r  of t h i s  type, the 
design and operat ion can perhaps be b e t t e r  understood i n  terms of a conventional 
high i n t e n s i t y  l i g h t  source than the  usual l a s e r  concepts. For example, the 
s p e c t r a l  response and d ispers ion  of the l a s e r  beam a r e  completely determined by 
the  o p t i c a l  geometry of the system r a t h e r  than the establishment of cav i ty  modes 
i n t o  which the  atoms rad ia te .  This l a s e r  system has severa l  f ea tu re s  which make 
it p a r t i c u l a r l y  well-sui ted f o r  t h i s  experiment. These a r e  the s t a b l e  high 
peak power (on the  order  of 20 kw), sho r t  pulse width (5 n sec . ) ,  and a conveni- 
e n t l y  a t t a i n a b l e  smooth s t a b l e  spec t r a l  d i s t r i b u t i o n  on the  order  of one o r  two 
angstroms wide, which can be var ied  over the range 5800 A t o  almost 6000 A. 
(These r e s u l t s  a r e  with the dye R6G; o ther  l e s s  e f f i c i e n t  dyes enable one t o  
tune over the  e n t i r e  o p t i c a l  and near in f ra red  spectrum.) 
B. Design 
The bas ic  design of the  dye l a s e r  can be seen i n  Figure 3. A thorough 
discussion of t h i s  system is  given i n  Reference 4, and I w i l l  only d iscuss  here  
the  p a r t i c u l a r  fea tures  of i n t e r e s t  i n  t h i s  experiment, The components a r e  an  
AVCO C950 (3971~' 100 kw peak 100 pps) ni t rogen l a s e r  which i s  focused onto a 
c e l l  by a 135 rran f l  spher ica l  quar tz  lens.  The c e l l  i s  a 10 mm quartz  tube -1 cm 
long with microscope s l i d e  end windows at tached by RTV o r  epoxy a t  wedge angles  
of 100 and 5' t o  prevent i n t e r n a l  feedback i n  the c e l l .  There a r e  5 nrm g l a s s  

tubes at tached t o  the top and bottom of the c e l l  through which the dye so lu t ion  
i s  c i rcu la ted .  Although t h i s  geometry i s  not optimal f o r  reducing turbulence, 
t h i s  has not been a problem, a s  i t  has been easy t o  a t t a i n  a high enough flow 
r a t e  ( severa l  m/sec. ) through the  ac t ive  region t o  completely replace the a c t i v e  
region between pulses  without encountering any turbulence e f f e c t s .  We have 
always observed a pulse-to-pulse f l uc tua t ion  i n  l a s e r  power which i s  apparently 
due t o  f l uc tua t ions  i n  the dye flow. To reduce these f luc tua t ions ,  an i s o l a t i o n  
r e sen ro i r  has been placed between the pump and the dye c e l l .  This r e se rvo i r  
i s  simply a sealed container  i n t o  which the dye so lu t ion  is pumped, and then 
the a i r  pressure i n  the f l a s k  forces  the dye through the c e l l .  This reduced 
the pulse-to-pulse power f luc tua t ions  from a high of 30 t o  40 percent of the 
peak value t o  between 5 and 10 percent.  The v a r i a t i o n  i n  t h i s  res idua l  f luc tu-  
a t i o n  seems t o  depend i n  some way on the fluw geometry, but t h i s  has not been 
inves t iga ted  i n  any d e t a i l .  Another not  completely understood e f f e c t  i s  the 
"burning" of the c e l l s  which causes de t e r io ra t ion  of the l a s e r  output.  For the 
Pyrex c e l l s  t h i s  seems t o  be an a c t u a l  degradation and clouding of the g l a s s  
where the U V l i g h t  passes through it. Burning of t h i s  type was observed a f t e r  
many days of running time. I n  the quartz  c e l l s  an  e f f e c t  has been observed 
which looks somewhat s imi l a r ,  but because the quartz  should be more r e s i s t a n t  
t o  the U IT and the time sca le  f o r  the e f f e c t  has var ied  from a few hours t o  
never and seems t o  depend on flow condit ions,  i t  i s  believed t o  be the dye burn- 
ing onto the  g l a s s .  Also, c i r c u l a t i n g  pure alcohol  rap id ly  through the c e l l  
f o r  severa l  hours reduced the clouding s l i g h t l y .  
A t  one end of the cavi ty  i s  a 4 percent r e f l e c t i n g  mirror  (ordinary g l a s s ,  
with a s l i g h t  wedge angle),  and on the  o ther  s i d e  of the c e l l  i s  a te lescope t o  
improve s p e c t r a l  reso lu t ion  and prevent burning of the d i f f r a c t i o n  g ra t ing  which 
forms the o the r  end of the cavi ty .  The telescope is  made of an 18.5 mn and a 
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185 mm f o c a l  l e n g t h  l e n s  which g i v e s  a  beam expansion of ten .  Th i s  makes t h e  
beam about 1 cm i n  d iameter  a t  t h e  g r a t i n g ,  which means t h e  g r a t i n g  i s  used a t  
s l i g h t l y  below i t s  maximum p o s s i b l e  r e s o l u t i o n ,  but  t h a t  i s  no t  important  because 
i t  i s  not t h e  l i m i t a t i o n  i n  t h e  l a s e r  s p e c t r a l  width ,  a s  w i l l  be expla ined l a t e r .  
The g r a t i n g  i s  a PTR 316 grooves/mm Eche l l e  g r a t i n g  used i n  t h e  e i g h t h  o r d e r  
0 
g iv ing  a  d i s p e r s i o n  o f  1.25 A / m r  a t  5000~'. It has  a  r a t e d  e f f i c i e n c y  of  about 
50 pe rcen t  f o r  t h e  p resen t  cond i t ions .  
C. Techniques o f  Operation and Performance: 
The dominant f e a t u r e  of t h i s  l a s e r  system i s  t h e  ext remely high g a i n  i n  t h e  
smal l  a c t i v e  reg ion .  A s i n g l e  pass  g a i n  of  30 dB over  a  few i s  
p o s s i b l e  i n  t h i s  type  o f  system, which means t h a t  feedback of any s o r t  w i l l  
cause  l a s i n g  a c t i o n .  This  i s  both  a  b l e s s i n g  and a  d isadvantage.  The good 
f e a t u r e s  a r e  obvious--the h lgh g a i n  enab les  one t o  u s e  ve ry  l o s s y  d i s p e r s i v e  
e lements  i n  t h e  c a v i t y  t o  o b t a i n  l i n e  narrowing,  and t h e  e s s e n t i a l l y  s i .ngle  pass  
o p e r a t i o n  p reven t s  t h e  u n d e s i r a b l e  mult ipeaked spectrum of c a v i t y  modes. The 
problems i n  working w i t h  such a h i g h  g a i n  system a r e  t h e  e f f e c t s  from unwanted 
feedback and t h e  d i f f i c u l t y  i n  op t imiz ing  l a s e r  performance. 
The f i r s t  c o n s i d e r a t i o n  i n  us ing  such a  l a s e r  i s  t o  e l i m i n a t e  spur ious  feed-  
back from a l l  s u r f a c e s  i n  t h e  c a v i t y .  Th i s  has  a l r e a d y  been mentioned i n  connec- 
t i o n  wi th  t h e  dye c e l l  windows, and i t  a l s o  r e q u i r e s  t h a t  t h e  t e l e s c o p e  be used 
i n  suck a  way t h a t  t h e r e  i s  no feedback from t h e  l e n s  s u r f a c e s .  I n  p r a c t i c e  
t h e  s imples t  way t o  avoid  t h i s  problem has  been t o  s l i g h t l y  r o t a t e  t h e  l e n s e s ,  
p a r t i c u l a r l y  t h e  o b j e c t i v e ,  w i t h  r e s p e c t  t o  t h e  l a s e r  beam. I f  t h e  l e n s  i s  r o -  
t a t e d  t o o  much (30'1, however, t h e  beam shape and t h e  g e n e r a l  performance of 
t h e  l a s e r  d e t e r i o r a t e s .  F i n a l l y ,  a t  t h e  edge of  t h e  dye-tuning range,  t h e  d i f -  
f u s e l y  s c a t t e r e d  l i g h t  o f f  t h e  g r a t i n g  o f t e n  becomes comparable t o  t h e  d e s i r e d  
s p e c u l a r  (wi th  r e s p e c t  t o  t h e  b l a z e  angle)  r e f l e c t i o n  caus ing  t h e  dye t o  l a s e  
a t  undes i rab le  wavelengths. 
An Unofficia 1 EmpirScal Guide t o  Obta in in^ Maximum Laser  Performance 
The enormous g a i n  causes  a  second d i f f i c u l t y  i n  t h a t  t h e  l a s e r  w i l l  opera te  
under n e a r l y  any alignment cond i t ions  ( i .e .  g r o s s  misalignment) even when t h e  
on ly  feedback device  i s  a  4 percent  mirror .  Th i s  makes i t  d i f f i c u l t  t o  t e l l  
when t h e  power i s  t r u l y  optimized o r  even remotely near.  I have developed t h e  
fol lowing procedure which has  worked f o r  me t o  o b t a i n  f a i r l y  reproduc ib le  high 
power o u t p u t s  from the  l a s e r .  
To s t a r t ,  I w i l l  g i v e  a  b r i e f  summary o f  what i s  involved i n  t h e  alignment 
procedure i n  o rder  of i n c r e a s i n g  complexity,  and why such an  a p p a r e n t l y  c i r c u -  
i t o u s  al ignment procedure i s  used. F i r s t ,  t h e  g r a t i n g  and mi r ro r  must be a l igned 
t o  form a  c a v i t y ,  This i s  s l i g h t l y  complicated by t h e  i n s e r t i o n  of t h e  t e l e -  
scope,  but t h i s  in t roduces  no r e a l  d i f f i c u l t y ,  and i f  t h i s  were a l l  t h a t  was i n -  
volved,  t h e  alignment could be done simply,  us ing t h e  standard technique o f  sh in -  
ing  i n  a  He-Ne l a s e r  and us ing  it f o r  al ignment,  What r u i n s  t h i s  s i m p l i c i t y  i s  
t h e  added f e a t u r e  t h a t  t h e  a c t i v e  r e g i o n  of t h e  dye must a l s o  be a l i g n e d  i n  t h i s  
c a v i t y ,  s e t  up by t h e  m i r r o r  and g r a t i n g ,  Th is  r e q u i r e s  t h a t  t h e  c e l l  be proper ly  
pos i t ioned  and a l igned ,  and t h e n  t h e  N2 l a s e r  l i g h t  must be focused i n t o  t h e  c e l l  
a t  t h e  proper  p o s i t i o n  and w i t h  t h e  proper image shape. The i m p l i c a t i o n s  o f  t h i s  
f a c t  can on ly  be apprec ia ted  a f t e r  many hours  o f  f r u i t l e s s  a t t empts  a t  al ignment;  
however, one parameter which r e f l e c t s  t h e  d i f f i c u l t y ,  t h e  s i z e  of t h e  a c t i v e  r e -  
g i o n ,  can be approximated from t h e  exper imental ly  determined equa t ion  t h a t  t r a n s -  
miss ion o f  t h e  focused N2 l a s e r  = exp E-20)  (concen t ra t ion  i n  m o l e s g  x E h i c k -  
ness  i n  m i l d .  So, i f  we assume t h e  l a s i n g  a c t i o n  i s  tak ing  p lace  i n  t h e  f i r s t  
.035 
50 percen t  o f  U V a b s o r p t i o n ,  w e  o b t a i n  an  a c t i v e  reg ion  width = concen t ra t ion .  
A moderate concen t ra t ion  used i s  ~ O - ~ M ,  so t h e  a c t i v e  r e g i o n  would be about  
3 m i l s  ac ross .  With t h i s  i n  mind, and r e c a l l i n g  t h a t  t h e  important v a r i a b l e s  
a r e :  (1) t h e  a l ignment  o f  g r a t i n g ,  (2) t h e  alignment of m i r r o r ,  (3)  t h e  a l i g n -  
ment o f  t h e  t e l e s c o p e  and i t s  focus  a d j u s t ,  ( 4 )  t h e  i n c i d e n t  a n g l e  of t h e  N2 
l a s e r ,  (5) t h e  p o s f t i o n  o f  t h e  focusing l e n s e ,  which c o n t r o l s  t h e  ang le  and 
p o s i t i o n  w i t h  which t h e  U \I l i g h t  s t r i k e s  t h e  c e l l  and how f a r  down it has 
been focused, and (6)  t h e  p o s i t i o w a n d  angula r  o r i e n t a t i o n  o f  t h e  c e l l .  I 
s h a l l  g ive  my alignment method: 
Step 1: 
A t  t h i s  s t a g e  one should look o n l y  a t  t h e  s i n g l e  pass  l a s i n g  which i s  
obtained wi th  t h e  & percent  mi r rc r .  S t a r t  t h e  N2 l a s e r  w i t h  a s  low a  concen- 
t r a t i o n  o f  dye a s  you can nse  and s t i l l  s e e  l a s i n g  a c t i o n .  The lower t h e  con- 
c e n t r a t i o n ,  t h e  b e t t e r ,  f o r  t h i s  means a  l a r g e r  a c t i v e  r e g i o n  and a  system more 
s e n s i t i v e  t o  al ignment changes. The inpu t  l e n s  should focus  t h e  N2 l i g h t  down 
t o  a  l i n e  on t h e  c e l l  about one h a l f  t h e  cel l  l eng th  on t h e  l i n e  o f  i n t e r c e p t i o n  
t o  a  tangent  p lane perpendicular  t o  t h e  incoming l i g h t .  The c e l l  should be 
o r i e n t e d  around a  v e r t i c a l  a x i s  approximately perpendicular  t o  t h e  N2 l a s e r  beam, 
and t h e  c e l l  should be l a t e r a l l y  p o s i t i o n e d  s o  t h a t  t h e  c r e s c e n t  o f  f lo rescence  
from t h e  dye p a s s e s  through t h e  c e n t e r  o f  t h e  mirror.  Also t h e  c rescen t  should 
be symmetric about t h e  h o r i z o n t a l  p lane  throuch t h e  c e n t e r  o f  t h e  c e l l .  I f  i t  
i s  skewed toward t h e  top  o r  bottom, t h i s  means t h e  imput l e n s  should be a d j u s t e d  
v e r t i c a l l y .  Now t h e  4 percent m i r r o r  (it i s  somewhat e a s i e r  t o  use  a  100 percen t  
m i r r o r  f i r s t  which can be a l igned by eye  f a i r l y  w e l l )  should be ad jus ted  s o  
t h a t  a  small  beam o f  l a s e r  l i g h t  i s  emi t t ed  i n  t h e  d i r e c t i o n  away from it and 
can be viewed on a  ca rd  placed i n  t h e  beam. A t  t h i s  p o i n t  i t  it e a s i e s t  t o  
have t h e  m i r r o r  q u i t e  c l o s e  t o  t h e  cell. The dye c o n c e n t r a t i o n  should be low 
enough so  t h a t  t h e  U V l i g h t  can be seen p e n e t r a t i n g  a t  l e a s t  3 / 4  of t h e  way 
through t h e  cell .  
Step 2 :  
The l a s e r  beam should move a s  the mirror  is  ro ta ted .  Pos i t ion  it v e r t i -  
c a l l y  a t  the  center  of the florescence crescent .  The center  point  is  usual ly 
qu i t e  d i f f i c u l t  t o  determine very wel l ,  so a t  t h i s  s tage  i t  i s  p a r t i c u l a r l y  
usefu l  t o  have a  threshold which i s  high enough t h a t  the las ing  a c t i o n  s tops  
i f  there  i s  a deviat ion from the middle i n  e i t h e r  d i r ec t ion  of more than a  few 
degrees.  Now i t  should be possible  t o  s e t  the mirror  so tha t  two spots  can be 
seen, one from a d i r e c t  path through the medium and the other  a  r e f l e c t i o n  of f  
the inner  wal l  of the c e l l ;  and they should behave accordingly--moving i n  oppo- 
s i t e  d i r ec t ions  a s  the mir ror  i s  ro ta ted ,  and the  r e f l ec t ed  spot should show 
d i s t o r t i o n  a s  the angle between the beams i s  increased. Normally one sees  the 
two spots  whenever the mir ror  i s  c lose t o  being al igned and can ge t  t h i s  t o  a  
s ing le  spot  only a f t e r  c a r e f u l  alignment, r a t h e r  than the opposite a s  the t e x t  
may imply. Now the mirror  should be ca re fu l ly  ro t a t ed  u n t i l  the two spots  have 
j u s t  merged, o r  jus t  enough so t h a t  the spots  a r e  p a r t i a l l y ,  but not  completely, 
superimposed. A t  t h i s  point  they should be j u s t  a t  the  edge of the c rescent ,  
(One f ea tu re  which can be misleading i s  the way t h a t  the r e f l ec t ed  beam seems 
appreciably brighter,when the  angle between the  two beams is roughly .1 radians 
o r  la rger , than  the primary beam ever is. I have been unable t o  adequately ex- 
p l a i n  t h i s  phenomenon, and a l l  attempts t o  use a  r e f l ec t ed  path l a s e r  have 
worked qu i t e  poorly.) 
Step 3: 
Now a l l  ava i lab le  degrees of freedom should be varied s l i g h t l y  t o  obta in  
the b r i g h t e s t  possible  spot .  I n  t h i s  case i t  means moving the input lens  i n  
a l l  th ree  dimensions and r o t a t i n g  the c e l l .  A rough and r a the r  f l e x i b l e  r u l e  
of thumb is  t h a t  f o r  low concentrat ions the optimum pos i t ion  of t he  input  lens 
is c l o s e r  t o  the c e l l  than a t  higher  concentrat ions,  where the optimum pos i t i on  
i s  general ly  when the focused beam a t  entrance i s  the f u l l  length of the c e l l .  
However, the l a s e r  is much more s e n s i t i v e  t o  o ther  movements a t  the l a t t e r  posi- 
t i o n  of the lens .  I f  the beam has been focused down too  much before en ter ing  
the c e l l ,  the beam spot w i l l  look l i k e  a s e r i e s  of hor izonta l  s t r i p e s ,  but when 
the lens is  properly positioned, the  beam p r o f i l e  should be somewhat round o r  
square with roughly symmetric in te r fe rence  f r inges  around i t .  One of the f i r s t  
not iceable  s igns  of the input window de te r io ra t ing  o r  the end windows being 
d i r t y  i s  a cons is ten t ly  poor beam shape, i n  s p i t e  of what adjustments a r e  made. 
Step 4: (Optional) 
It i s  o f t en  usefu l  t o  put i n  a 100 percent mirror  a l igned t o  form the  o ther  
end of the cavi ty .  One advantage of t h i s  i s  t h a t  the power of the high i n t e n s i t y  
beam now coming through the 4 percent mirror  can e a s i l y  be monitored with a photo- 
diode while f i dd l ing  with the system. Power measurements of the beam w i l l  be 
more f u l l y  discussed l a t e r .  A t  t h i s  point  i t  i s  poss ib le ,  although s l i g h t l y  
t r i c k i e r  than the given procedure, t o  increase the concentration u n t i l  the out- 
put  power is  maximized and then proceed t o  Step 5. 
Step 5: 
N o w  the 100 percent mirror  should be replaced by the  te lescope end gra t ing .  
The telescope should be focused approximately on i n f i n i t y  before it i s  placed 
i n  the ce*ity; however, t h i s  i s  not  s u f f i c i e n t  t o  insure exac t ly  the bes t  focus. 
Remembering the problems of unwanted feedback, the te lescope should be ad jus ted  
so  t h a t  the now enlarged beam spot  i s  i n  the center  of the g ra t ing  and i ts  spec- 
trum should be observable i n  each order  of the gra t ing .  The coarse r o t a t i o n  of 
the gra t ing  should be s e t  so t h a t  the spectrum i n  the  h ighes t  observable order  
i s  d i f f r a c t i n g  back toward the telescope. Now the v e r t i s a l  o r i en t a t ion  should 
be adjusted u n t i l  the h o r i z ~ n t a l  l i n e ,  which is  the form of t h i s  spectrum, f s  
a l igned ho r i zon ta l ly  so t h a t  the  ac t ive  region subtends a port ion of i t .  When 
t h i s  i s  achieved, tunable l a s e r  l i g h t  w i l l  be emitted. The v e r t i c a l  o r i en t a t ion  
of the g ra t ing  is  e f a i r l y  prec ise  adjustment, and the e f f e c t  of achieving a l ign-  
ment w i l l  be qu i t e  dramatic. The peak of the  l a s e r  emission spectrum s h i f t s  t o  
a higher  wavelength a s  the concentrat ion is increased; so  a t  the low dye concen- 
t r a t i o n  i n  the system, i t  is e a s i e s t  t o  achieve l a s ing  ac t ion  i n  the upper end 
(green t o  yellow region) of the l a s e r  tuning range. It is  reasonable t o  expect 
a r a t h e r  low power output.  Now again  vary the input  lens  pos i t ion  and telescope 
t o  make sure power and beam shape a r e  optimized. Pa r t i cu l a r ly  important i s  the 
v e r t i c a l  posi t ioning of the  input  lens ,  a s  i t  is perhaps the s ing le  most impor- 
t a n t  nonobvious adjustment, and i t  should be checked a t  each s tage  of alignment. 
A he lpfu l  check on the alignment a t  t h i s  s tage  is t o  compare the power emitted 
when the g ra t ing  is i n  the  cav i ty  with the power when the 100 percent mirror  
was i n .  For good a l igment ,va lues  between 25 percent and 80 percent have been 
observed, but t h i s  seems somewhat t o  be an  increasing function of increasing 
dye concentration. 
Step 6: 
Tune the l a s e r  t o  the des i red  wavelength by r o t a t i n g  the gra t ing .  Usually 
it i s  necessary t o  r ea l ign  the g ra t ing  v e r t i c a l l y  a s  i t  is ro la ted .  Gradually 
add more dye t o  the  so lu t ion .  This w i l l  have two e f f e c t s .  F i r s t ,  the power 
w i l l  dramatical ly  increase.  Approximate ranges of concentrat ion a r e  t o  go from 
a concentrat ion of  lo-% t o  near ly  10- '~ ,  and the power w i l l  usua l ly  change by 
well  over a n  order  of magnitude. The second e f f e c t  of increasing the concentra- 
t i o n  w i l l  be t o  change the  index of refractLon of  the so lu t ion ,  so cont inual  
s l i g h t  adjustments should be made t o  keep the alignment optimized. The ad jus t -  
ments become increasingly c r i t i c a l  and prec ise  a s  concentration is increased, 
so  ca re  should be taken t o  not make any except very s l i g h t  cor rec t ions ,  as i t  
i s  easy t o  i r recoverably misalfgn an  element. The concentrat ion should be in- 
creased u n t i l  the power a t  the des i red  wavelength peaks. I n  the present  ex- 
periment the wavelengths needed a r e  a t  the long wavelength edge of the R6G 
tuning range (5950A), so  p a r t i c u l a r l y  high concentrat ions of dye ( b . 1 M )  have 
been used i n  order  t o  s h i f t  the emission spectrum t o  a s  long a wavelength a s  
possible .  
Step 7: 
It is  possible  t o  increase the  power by a s  much a s  a f ac to r  of three o r  
more by s l i g h t l y  ad jus t ing  the 4 percent mirror ,  p a r t i c u l a r l y  the v e r t i c a l  ad- 
justment. Since these adjustments a r e  small ,  a convenient technique i s  t o  moni- 
t o r  the output power and change the  mirror  so t h a t  the  beam spot  moves t o  d i f -  
f e r en t  pos i t ions  on the gra t ing .  Then readjus t  the gra t ing  t o  peak the l a s e r  
power. I f  t he  maximum power is  measured when the spot is  a t  the  edge of the  
gra t ing ,  readjus t  the te lescope t o  move the spot back i n t o  the middle of the 
g ra t ing  and repeat  the procedure. 
Step 8: 
Now the te lescope should be focused t o  give a minimum beam divergence. I 
have had t rouble ge t t i ng  the  divergence l e s s  than about 10 m rad. Adjusting 
the te lescope a l s o  changes the l a s e r  s p e c t r a l  width. The unoptimized spectrum 
i s  usual ly 1.5 t o  2 . 0 ~ '  FWHl'. bu t  f i d d l i n g  with the  telescope has achieved 
values of .8A FWHM. 
The l a s e r  should now be performing optimally and should remain s t a b l e  f o r  
long periods of time. Only r a re ly  does an alignment d r i f t  cause a decrease i n  
power, and I have never observed a d r i f t  i n  the  l a s e r  spectrum. Changes i n  the 
dye flaw and degradation of the c e l l  windows can be f ac to r s  i n  the power s t a -  
b i l i t y .  
The values f o r  divergence and s p e c t r a l  width a r e  s u b s t a n t i a l l y  l a r g e r  than 
those a t t a ined  by liansch4, and I suspect the discrepancy is  due t o  the r e l a t i v e l y  
i n f e r i o r  q u a l i t y  of t h e  t e l e s c o p e  used i n  t h i s  system. 
Now t h e  l a s e r  should be running we l l .  I n  summary, I want t o  emphasize t h a t  
t h e  p rev ious  guide  i s  by no means claimed t o  be a n  i n f a l l i b l e  o r  "best" way. It 
simply i s  t h e  on ly  procedure which has  worked c o n s i s t e n t l y  f o r  me t o  o b t a i n  h igh 
l a s e r  power. Even i f  followed d i l i g e n t l y ,  I doubt t h a t  t h e r e  i s  any s u b s t i t u t e  
f o r  exper ience .  Much more important  than  any guide  i s  t h e  f e e l i n g  one a t t a i n s  
a f t e r  many hours  of f i d d l i n g ,  o f  how varying t h e  many v a r i o u s  parameters w i l l  e f -  
f e c t  t h e  l a s e r ,  both  d i r e c t l y  and through t h e i r  i n t e r a c t i o n s .  
One o t h e r  f a c t o r  which a f f e c t s  t h e  l a s e r  performance, which i s  not c o n t r o l l e d  
i n  t h e  previous  procedure,  i s  t h e  composit ion of the  dye i t s e l f .  Although i n  
f lashlamp pumped dye l a s e r s  us ing  lower c o n c e n t r a t i o n s ,  i m p u r i t i e s  a r e  a  s e r i o u s  
concern i n  t h e  dye l a s e r  o p e r a t i o n ,  I have never observed them t o  be a n  i n f l u e n c e  
i n  t h e  n i t r o g e n  l a s e r  pumped system. However, t h e r e  seems t o  be a  su rp r i sPng ly  
l a r g e  d i f f e r e n c e  i n  t h e  performance of  t h e  R6G made by d i f f e r e n t  companies. For 
example, t h e  two kinds  I have used,  F i s c h e r  s c i e n t i f i c  and Eastman Kodak, a r e  
q u i t e  d i f f e r e n t  c o l o r s ,  and t h e  l a t t e r  gave a  40 pe rcen t  i n c r e a s e  i n  t h e  i n t e n -  
s i t y  of  t h e  f lo rescence .  My unfounded s u s p i c i o n  t h a t  t h e  wide v a r i a t i o n  i n  t h e  
l i t e r a t u r e  f o r  tun ing  range and l a s e r  power a t t a i n a b l e  w i t h  R6G i n  e s s e n t i a l l y  
i d e n t i c a l  systems i s  due t o  t h e  d i f f e r e n c e  i n  t h e  dye. 
One o t h e r  dye,  Rhodamine B, has  been used i n  t h i s  experiment.  I has  been 
q u i t e  s i m i l a r  t o  R6G t o  work wi th .  The main d i f f e r e n c e s  seem t o  be t h a t  a t u n -  
i n g  range o f  5980A t o  6330A was obta ined wi th  t h e  peak a t  6012, and t h e  ou tpu t  
power was h i g h e r  f o r  a  40 percent  r e f l e c t i n g  ou tpu t  m i r r o r  than  f o r  t h e  4 pe r -  
c e n t  mirror .  Peak powers comparable t o  those  f o r  R6G were obta ined.  
D. Power Measurements ahd Performance 
The power o f  t h e  l a s e r  has  normally been monitored us ing  a n  EGW SGD-040A 
photodiode b iased  a t  67 1 / 2  v o l t s  w i t h  a p i e c e  of h e a v i l y  g lass  a s  a 
d i f f u s e r  -6 inches i n  f ron t  of the diode. The f ros t ed  glass-diode assembly i s  
placed i n  t he  l a s e r  beam f a r  enough from the c e l l  t o  make spontaneous f lorescence 
a neg l ig ib l e  contr ibut ion.  The output of the diode is then terminated with 5 0 a  
and viewed on a f a s t  osci l loscope.  Because the photodiode i n  t h i s  configurat ion 
s a t u r a t e s  with l a s e r  powers somewhat lower than a r e  o f t en  encountered, i t  is 
necessary t o  use ca l ib ra t ed  neu t r a l  dens i ty  f i l t e r s  t o  extend the e f f e c t i v e  range 
of measurement. This measurement system allows one t o  view the power of indivi-  
dua l  l a s e r  pulses ,  but can a l s o  be converted t o  a more convenient long-term moni- 
t o r  of l a s e r  power. One simple way t o  do t h i s  is  t o  run the photodiode output 
d i r e c t l y  i n t o  an electrometer .  There i s  a r a t h e r  la rge  zero o f f s e t ,  but  by 
proper s e t t i n g  of the  electrometer  (scaile -- lom7 amps, meter - .03V, zero of f -  
s e t  unknown), the in tegra ted  l a s e r  power can be read out d i r e c t l y  from the meter 
o r  recorded on a c h a r t  recorder.  Using t h i s  system, I have observed t h a t  under 
normal condit ions the laser power is  remarkably s t a b l e  ( t o  wi th in  10 percent)  
f o r  days a t  a t i m e .  m e  main f luc tua t ions  have come from problems i n  the c i r -  
cu l a t ion  system, and only very r a r e l y  have I observed power decreases due t o  
t he  alignment changing. One i n t e r e s t i n g  and unexplained f ea tu re  i s  t h a t  on 
severa l  occasions the laser power has increased by 30 t o  50 percent ,  both a f t e r  
t he  l a s e r  has  been running f o r  severa l  hours,  and a f t e r  i t  has  been al ighed and 
then  sat unused f o r  severa l  hours. 
While the previous power monitoring system is usefu i  on a day-to-day bas i s ,  
it is ,  of course,  only a r e l a t i v e  scale .  Obtaining a r e l i a b l e ,  absolute  measure- 
ment has  p r w e n  t o  be a s l i g h t  problem. It appears impossible t o  obta in  a photo- 
diode ca l ib ra t ed  f o r  such shor t ,  intense pufhes. This  leaves a bolometric sys- 
tem as the  l o g i c a l  choice f o r  an  absolute  power measurement, but  such a system 
has  not  y e t  been obtained. However, an  absolu te  power measurement has been 
made by observing the  onset  of s a t u r a t i o n  i n  a sodium vapor as the  l a s e r  power 
i s  increased.  Since t h i s  measurement r e l i e s  on s e v e r a l  o t h e r  a s p e c t s  of t h e  
experiment,  i t  w i l l  be discussed i n  Appendix 2 a f t e r  these  have been expla ined.  
A d i s c u s s i o n  of power measurement i s  h a r d l y  complete without some mention 
o f  t h e  most convenient and f r e q u e n t l y  used ins t rument-- the  human eye. I f  t h e  
beam i s  enlarged and a t t e n u a t e d  so t h a t  when jt i s  d i sp layed  on a sc reen ,  i t  
does not seem e x c e s s i v e l y  b r i g h t ,  t h e  eye can a c t u a l l y  be more s e n s i t i v e  than 
a photodiode a s  a d e r i v a t i v e  d e t e c t o r  of smal l  changes i n  i n t e n s i t y .  However, 
i n  terms of comparing a b s o l u t e  i n t e n s i t i e s  observed a t  two d i f f e r e n t  t imes ,  i t  
i s  hope less ly  u n r e l i a b l e ,  p a r t i c u l a r l y  i f  t h e  l i g h t i n g  cond i t ions  of t h e  room 
have changed any. 
IV .  C e l l  and Oven 
The next s t a g e  i n  t h e  experiment a f t e r  t h e  l a s e r  i s  t h e  s c a t t e r i n g  c e l l .  
Although t h i s  p a r t  of t h e  experiment seems t o  be i n h e r e n t l y  t h e  s i m p l e s t ,  i t  
has  been bese t  by a number o f  problems on an  engineer ing l eve l .  Consequently, 
much o f  t h i s  s e c t i o n  should be viewed a s  l i t t l e  more than a d i scuss ion  of prob- 
lems, which can be encountered i n  something of t h i s  n a t u r e ,  and t h e i r  p o s s i b l e  
s o l u t i o n s .  
The c e l l  i s  b a s i c a l l y  j u s t  a v e s s e l  con ta in ing  sodium vapor,  which t h e  
l a s e r  beam passes  through i n  one d i r e c t i o n ,  and t h e  l i g h t  emit ted  by t h e  vapor 
i s  observed perpend icu la r ly  t o  t h i s  d i r e c t i o n .  However, t h e r e  a r e  two main 
p o i n t s  which e n t e r  i n t o  t h e  des ign  cons idera t ions .  The f i r s t  o f  t h e s e  i s  what 
s h a l l  hencefor th  be r e f e r r e d  t o  a s  s c a t t e r e d  l i g h t .  I n  t h e  con tex t  o f  t h i s  the -  
s i s  s c a t t e r e d  l i g h t  i s  def ined t o  be t h e  unwanted l a s e r  l i g h t  which i s  s c a t t e r e d  
promptly o u t  o f  t h e  beam i n  some manner by something o t h e r  than t h e  vapor ,  u s u a l -  
l y  t h i s  means t h e  windows sf t h e  c e l l .  Light  s c a t t e r e d  i n  any experiment con- 
cerned w i t h  looking a t  s i n g l e  photon l e v e l  e f f e c t s  fo l lowing an e x t r e y e l y  i n t e n s e  
15 (10 photons) excitation pulse because of the inherent limitations of photo- 
multiplier tubes. The second consideration in the cell design is temperature 
control. This is necessary for two reasons. First, the spatial variations of 
the temperature must be controlled in order to keep metallic sodium from being 
deposited on the windows, and secondly, the only practical way to monitor and 
control the density of the sodium vapor, a fundamental parameter in this ex- 
periment, is by controlling the temperature and relying on the temperature de- 
pendence of the sodium vapor pressure. Because of the steepness of this depen- 
dence, typically a factor of ten in pressure for a 40°c change in temperature, 
it is necessary to know the temperature quite accurately. The preliminary de- 
sign of cell and oven is shown in Figure 4. This design was a compromise be- 
tween the above considerations and expediency. While having serious limitations, 
it has been adequate to obtain preliminary results and has proven useful in 
giving a more practical perspective to the problems involved. 
This cell has demonstrated that scattered light, while a problem, is much 
less serious than anticipated. Two important reasons for this are the monochro- 
mator and the type of photomultiplier tube, both of which will be discussed in 
subsequent sections. It new appears practical to use a cell with basically the 
same simple design of the preliminary version. The most serious drawback to this 
cell regarding scattered light has been the lack of parallelness between the 
end windows. This made it impossible to avoid the laser being reflected off the 
windows into the oven wall, causing large amowts of scattered light. However, 
it has been shown the experiment can tolerate even this level of scattered light. 
While the cell has demonstrated that scattered light is less of a problem 
than anticipated, it unfortunately has revealed several unexpected problems. 
Since a totally satisfactory solution has not yet been demonstrated for any of 
these, I am unfortunately limited to discussing the problems and what tentative 

s o l u t i o n s  a r e  now being developed. The f i r s t  problem has  simply been t o  c o n s t r u c t  
a  s a t i s f a c t o r y  oven. Over t h e  course  of t h e  experiment t h e  following r e q u i r e -  
ments f o r  a n  oven have evolved. F i r s t ,  i t  must f u n c t i o n  a t  a t  l e a s t  350°C and 
must be r e p e a t e d l y  and r a p i d l y  r e c y c l a b l e  t o  t h a t  temperature  wi thout  d e t e r i o r a -  
t i n g .  Secondly, it  must be q u i t e  d u s t  f r e e  t o  avoid contamination o f  t h e  win- 
dows, and f i n a l l y ,  i t  must s a t i s f y  t h e  temperature c o n t r o l  requirements,  which 
I w i l l  d i s c u s s  'Pn t h e  next paragraph. Also whi le  not  a fundamental requirement ,  
e a s e  of assembly and disassembly has proven t o  be a  ve ry  important p r a c t i c a l  
cons idera t ion .  I n  terms of t h e  f i r s t  two requirements, a  v a r i e t y  o f  a t t empts  
have b e ~ n  made t o  c o n s t r u c t  an  oven w i t h  a n  o u t e r  s h e l l  of  t r a n s i t e  and a n  i n n e r  
l i n i n g  o f  a s b e s t o s  blocks ,  a  fundamentally unpleasant  substance t o  work wi th ,  
coated o r  wrapped wi th  v a r i o u s  m a t e r i a l s ,  but  a l l  have been u n s a t i s f a c t o r y ,  
r e g a r d l e s s  of t h e  c l a ~ m s  of t h e  manufacturers  o f  t h e  a s b e s t o s  coat ings .  A com- 
p l e t e l y  new t e n t a t i v e  c e l l  and oven des ign  w i l l  be presented l a t e r .  
Temperature Control  
The temperature c o n t r o l  depends both  on t h e  c e l l  and t h e  oven, so t h e y  w i l l  
be d i scussed  j o i n t l y .  Since t h e  vapor p r e s s u r e ,  which i s  our  primary concern,  
i s  determined on ly  by t h e  c o l d e s t  p o r t i o n  of t h e  c e l l ,  I have followed t h e  u s u a l  
technique used w i t h  a  c e l l  of  t h i s  s o r t  o f  having two chambers--one chamber 
which c o n t a i n s  t h e  windows being maintained a t  a  temperature  not  p r e c i s e l y  mea- 
sured o r  regu la ted .  I t s  only  requirement i s  t h a t  i t  must be h o t t e r  than  t h e  
o t h e r  chamber. The second chamber, which i n  t h e  p resen t  des ign  only  enc loses  
t h e  smal l  g l a s s  f i n g e r ,  c o n t a i n s  a l l  t h e  molten sodium, and t h e  small s i z e  
l ends  i t s e l f  t o  p r e c i s e  monitoring and c o n t r o l  o f  what i s  maintained a s  t h e  
c o l d e s t  po in t  of t h e  c e l l .  The h e a t i n g  of t h e  main chamber has  t aken  s e v e r a l  
forms dur ing  the  course  o f  t h i s  experiment.  I n i t i a l l y  it  was done completely 
wi th  a  Hotwatt f inned s t r i p  hea te r .  T h i s  proved u n d e s i r a b l e  because t h e  poor 
c i r c u l a t i o n  i n  the w e n  m d e  ove ra l l  hea t ing  very slow, and there  were many 
p e r s i s t e n t  "cold spots" on the  c e l l ,  p a r t i c u l a r l y  near the windows. The s i t ua -  
t i o n  w a s  improved by the  add i t i on  of hea t ing  tape wrapped around the  c e l l .  This 
made the  temperature somewhat more uniform and kept  the  windows heated s u f f i -  
c f e n t l y  t o  avoid condensation on them, but  t he re  s t i l l  remained some doubt t h a t  
t h e r e  weren't any'coldspots i n  the upper chamber. It is  des i r ab l e  t o  have the 
upper chamber qu i t e  uniform i n  temperature, as t h i s  allows one t o  keep the two 
chambers correspondingly c l o s e r  i n  temperature, which improves the  con t ro l  of 
the  vapor pressure.  If t he  upper chamber has l a rge  thermal grad ien ts ,  a la rge  
temperature d i f f e r e n t i a l  must be maintained between the two chambers t o  insure  
that  no poin t  i n  the  upper chamber is colder  than the  lower chamber. F ina l ly ,  
I constructed a la rge  a r e a  hearer  by forming a l a rge  copper shee t  t o  enclose 
the  c e l l  on three  s ides .  Then the  sheet  was wrapped with nichrome wire,  insula-  
ted from the copper by Saurisen "Insulate1'  hea t e r  cement. This has  proven very 
successfu l  f o r  rapidly hea t ing  t h i s  chamber of the  oven t o  high temperatures 
and maintaining a l l  por t ions  of t he  c e l l  i n  t h i s  chamber uniform t o  wi th in  a 
few degrees Centigrade. Also i t  enhances the  thermal separat ion of t he  two 
chambers. The one flaw i n  t h i s  hea ter  is  t h a t  a f t e r  repeated recycl ing,  the 
in su la t ing  cement has  begun t o  f l ake  off. 
The second chamber of t he  oven has been formed by extending the  g l a s s  f inger  
through the  bottom of the  main oven insu la t ion .  Then a heavy copper s leeve  with 
a t tached  hea t e r s  and thermocouple has been placed over the f inger .  The purpose 
of t h i s  was t o  insure  a thermal gradient  across  the  f inge r  so t h a t  t he  co ldes t  
spot  i n  the  c e l l  would d e f i n i t e l y  be the t i p  of the  f inger ,  and then the  copper 
s leeve  would enable one t o  accura te ly  measure and con t ro l  the temperature of  
t h i s  t i p .  The t e s t s  of t h i s  system have been somewhat inconclusive, bu t  it  
appears t h a t  there  a r e  s t i l l  some problems because of  i n su f f i c i en t  thermal 
contact  between the g l a s s  f inger  and the  sleeve. An improved design f o r  t h i s  
system which should el iminate  t h i s  problem w i l l  be presented l a t e r .  
One f i n a l  d i f f i c u l t y  was encountered with t h i s  c e l l ,  which was t o t a l l y  
unexpected and u l t imate ly  f a t a l .  This  was the tendency of sodium t o  r ead i ly  
r eac t  with the  g l a s s  t o  form a dark brown layer  a t  such high temperatures (g rea t e r  
than 250'~). A t  temperatures near  300°c t h i s  layer  w i l l  become o p t i c a l l y  dense 
enough on the  input  and output windows a f t e r  only a few hours t o  e f f e c t i v e l y  
el iminate  any s igna l .  
Inves t iga t ion  has revealed some usefu l  information about t h i s  g l a s s - a lka l i  
reac t ion .  The problem seems t o  be common t o  nearly every v a r i e t y  of g lass  o r  
quartz.  While there  i s  one p a r t i c u l a r  v a r i e t y  of boron f r e e  g l a s s  which is 
a l k a l i  r e s i s t a n t ,  i t s  s t r u c t u r a l  and thermal proper t ies  make it qu i t e  undesir- 
able .  I have discovered, however, t h a t  t h i s  darkening can be reversed by hes t -  
ing the windows in t ense ly  i n  a torch u n t i l  they glow not iceably.  While t h i s  
works qui te  wel l  f o r  a smaller o r  nonevacuated c e l l ,  the present  c e l l  was such 
t h a t  the windows began t o  sag before they  were hot  enough t o  become completely 
c l ea r .  Because of t h i s  sagging and the  f a c t  t h a t  the output window could not  
be heated a t  a l l ,  t h i s  technique was only successful  i n  prolonging the l i f e t h d  
of the c e l l  by about a f a c t o r  of four .  
Having l i s t e d  a l l  the problems involved with the c e l l  and oven, I w i l l  
present the design which hopefully w i l l  surmount a l l  these d i f f i c u l t i e s .  The 
new oven w i l l  be constructed with an inner  and outer  shee t  metal l i n i n g  with 
1 t o  2 inches of g l a s s  wool i n su la t ion  between them. P t  w i l l  a l s o  be t r u l y  
divided i n t o  two compartments with a t r a n s i t e  p a r t i t i o n .  The c e l l  i t s e l f  w i l l  
be constructed from s t a i n l e s s  s t e e l  with prec ise ly  al igned sapphire windows, 
which a r e  reputed t o  be highly a l k a l i  r e s i s t a n t .  I t  w i l l  have a copper f i nge r  
which w i l l  extend i n t o  the second oven compartment. It i s  an t i c ipa t ed  (optimis- 
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t i c a l l y  t h a t  t h i s  design w i l l  be dus t  f r ee ,  have l i t t l e  s ca t t e r ed  l i g h t ,  be ) 
very easy t o  measure and con t ro l  i t s  temperature prec ise ly ,  and have t rans-  
parent  windows f o r  many years  t o  come. 
A second qu i t e  d i f f e r e n t  so lu t ion  has been developed, which i s  extremely 
simple and successful  f o r  working i n  a r e s t r i c t e d  temperature region. While 
not r e a l l y  su i t ed  f o r  t he  dimer experiment, i t  seems well-sui ted t o  the  study 
of atomic resonance phenomena, such a s  r ad i a t ion  t rapping,  where the s igna l  l eve l  
is higher  and the  temperature lower. This design is t o  simply have the  sodium 
c e l l  immersed i n  a bath of mineral o i l ,  which is s i t t i n g  on a hotp la te .  The 
mineral o i l  s c a t t e r s  very l i t t l e  l i g h t ,  and i t  i s  a t r i v i a l  problem t o  measure 
the temperature exact ly and cont ro l  it .  I f  the  c e l l  windows a r e  cleaned before 
the  c e l l  i s  placed i n  the  oven, there seems t o  be no tendency f o r  t he  sodium t o  
condense on them. This system has the added advantage t h a t  the  e n t i r e  c e l l  can 
be viewed, Its main l i m i t a t i o n ,  however, i s  t h a t  the o i l  cannot be heated much 
above 200 '~  o r  it  begins t o  darken and smoke. 
The present  c e l l  and oven have been s u f f i c i e n t  t o  obta in  some preliminary 
da t a ,  bu t  they have been the  main impediment t o  fu r the r  study. Improvements 
p re sen t ly  underway should e l imina te  these problems. 
V. Collect ion Eff iciency and Scat tered Light  
The l i g h t  emitted f r m  the sodium vapor now passes through a Heath EU-700 
monochromator and i n t o  a photomult ipl ier  (two have been used, the RCA 7265 and 
an  RCA C31034A) where it is detected.  It seems appropriate  t o  now discuss  how 
wel l  the  des i red  l i g h t  ( s igna l )  can be detected and measured with t h i s  system. 
Inherent  i n  t h i s  i s  how wel l  the  signal can be separated from the  sca t t e r ed  
l i g h t .  This separa t ion  i s  achieved i n  three ways--time discr iminat ion,  s p e c t r a l  
discr iminat ion,  and d iscr imina t ion  on the b a s i s  of the  l i g h t  source pos i t ion .  
The t ime d i s c r i m i n a t i o n  involves  a  r a t h e r  d e t a i l e d  d i s c u s s i o n  of t h e  photo- 
m u l t i p l i e r  and t iming c i r c u i t s ,  which w i l l  be covered i n  t h e  next sec t ion .  I n  
t h i s  s e c t i o n  1 w i l l  simply t r e a t  t h e  pho tomul t ip l i e r  a s  a n  a b s t r a c t  d e t e c t o r ,  
which has  a  c e r t a i n  a rea  and d e t e c t s  t h e  l i g h t  t h a t  s t r i k e s  t h i s  a rea  w i t h  a  
c e r t a i n  e f f i c i e n c y ,  t h u s  ignor ing  t h e  t iming f e a t u r e s .  
The b a s i c  geometry of t h e  s i t u a t i o n  i s  t h a t  t h e r e  i s  a  h o r i z o n t a l  c y l i n -  
d r i c a l  r e g i o n  o f  t h e  vapor, where t h e  dye l a s e r  beam passes  through, one t o  two 
cen t imete r s  i n  diameter;  and t h e  ou tpu t  window al lows about a  two-inch l e n g t h  
t o  be viewed. Each p o r t i o n  o f  t h i s  r eg ion ,  hencefor th  c a l l e d  t h e  source reg ion ,  
w i l l  emit  i s o t r o p i c a l l y .  Twenty-five cm away from t h i s  source reg ion  i s  t h e  
monochromator i n p u t ,  a  v e r t i c a l  s l i t  12 mm high and w i t h  a  width  v a r i a b l e  from 
0  t o  2,000 microns wi th  a n  F/6.8 a p e r t u r e  r a t i o .  F i n a l l y ,  a t  t h e  output  o f  t h e  
i?~onochromator i s  t h e  photocathode. For reasons  which w i l l  be expla ined i n  t h e  
d i s c u s s i o n  of PM tubes ,  t h i s  a n a l y s i s  w i l l  on ly  be concerned wi th  t h e  4  m wide 
by 10 nim high  photocathode of t h e  C31034A. 
I d e a l l y  we wish t o  put  a l l  t h e  l i g h t  emit ted  i n  t h e  source reg ion  i n t o  t h e  
monochromator whi le  excluding l i g h t  o r i g i n a t i n g  anywhere e l s e .  Then our  i d e a l  
monochromator would pass a l l  t h e  l i g h t  i n  t h e  bandwidth f o r  which i t  was s e n t  onto  
t h e  photocathode,  whi le  e l i m i n a t i n g  every th ing  o u t s i d e  t h i s  bandwidth. I n  a c t u a l  
p r a c t i c e  t h e  e f f i c i e n c y  i s  many o r d e r s  o f  magnitude l e s s  than such an  i d e a l .  The 
d i f f i c u l t y  i s  i n  g e t t i n g  t h e  l i g h t  from t h e  a c t i v e  r e g i o n  i n t o  t h e  monochromator. 
I n  t h e  h o r i z o n t a l  p lane  t h e  f u l l  acceptance ang le  o f  t h e  monochromator i s  .15 
rad ions ,  so  a t  25 cm t h e  viewing width  i s  3.7 cm. Since t h e  v i s i b l e  source  r e -  
g i o n  i s  longer  than  t h i s ,  from Lt touvi l le ' s  theorem, i t  i s  impossible t o  i n c r e a s e  
t h e  c o l l e c t i o n  by us ing  any lens.  Th i s  means t h e  one dimensional c o l l e c t i o n  
e f f i c i e n c y  w i l l  be t h e  ang le  subtended by t h e  s l i t ,  o r  s l i t  width/25 cm, which f o r  
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a t y p i c a l  s l i t  width o f  5 0 0 ~ i s  2 x  10 . I n  t h e  v e r t i c a l  dimension, however, 
t h e  beam i s  only  w 2  cm, so t h i s  i s  not  t h e  case. The maximum p o s s i b l e  c o l l e c -  
t i o n  w i t h  a  l e n s  w i l l  be i f  t h e  2.0 cm source  i s  imaged onto  t h e  1.2 cm s l i t .  
I f  i i s  t h e  d i s t a n c e  from l e n s  t o  s l i t ,  and 0  i s  d i s t a n c e  from l e n s  t o  source ,  
i 12 t h e n  = ; but a l s o  i + 0 = 25 cm. SO i = 9.3  cm, and 0 = 15.7 cm. The 
1 1  f o c a l  l eng th  f  of t h e  l e n s  i s  g iven by ,+ - = 1 = 5.8 cm. It i s  p o s s i b l e  
1 0  f 
t o  g e t  a  quick e s t i m a t e  of how much such a  l e n s  would improve t h e  c o l l e c t i o n  
e f f i c i e n c y  i n  t h e  fol lowing way. The maximun u s e f u l  diameter o f  t h e  l e n s  i s  
simply given by i t s  d i s t a n c e  from t h e  s l i t  (9.3 cm) divided by 6.8 ( t h e  f  number 
of t h e  monochromator) which i s  1.4 cm. Now t h e  f r a c t i o n a l  improvement i n  c o l l e c -  
t i o n  i s  g iven by t h e  r a t i o  of t h e  a n g l e  subeended by t h e  l e n s  when viewed from 
1 2  1 4  t h e  source  t o  t h e  ang le  subtended by t h e  s l i t .  This i s  = 1.8. Prom 
a p r a c t i c a l  s t andpoin t  I have decided t h a t  t h e  d i f f i c u l t y  encountered i n  pos i -  
t i o n i n g  t h i s  l e n s  so  t h a t  i t  images an  i n v i s i b l e  beam onto a  microscopic s l i t  
outweighs t h e  t h e o r e t i c a l  80 percent  i n c r e a s e  i n  s i g n a l ,  and t h e r e f o r e ,  it  has  
not been used. The o v e r a l l  c o l l e c t i o n  e f f i c i e n c y  o f  t h e  monochromator i s  g iven 
j u s t  be t h e  s o l i d  ang le  subtended by t h e  s l i t  x i t h  r e s p e c t  t o  t h e  source  reg ion ,  
which i s  approximately equa l  t o  t h e  product of t h e  h o r i z o n t a l  and v e r t i c a l  angles .  
E So f f  = - lg2  10.~. Unfor tunate ly ,  themonochromator in t roduces  s t i l l  X25 - 
more l o s s  be fore  t h i s  l i g h t  i s  f i n a l l y  de tec ted .  F i r s t ,  t h e r e  i s ,  of  course ,  t h e  
d e s i r a b l e  l o s s  due t o  t h e  bandpass of t h e  monochromator. This i s  a  f a i r l y  t r i -  
angu la r  f u n c t i o n  wi th  t h e  f u l l  width  i n  Angstroms a t  t h e  halfpower po in t  being 
1 
equa l  t o  - t imes t h e  s l i t  width  i n  microns. The l i g h t  o u t s i d e  o f  t h i s  t r i a n g u l a r  5 6 
bandpass i s  a t t e n u a t e d  by a  f a c t o r  of lo3 t o  lo4. However, t h e  monochromator 
a l s o  in t roduces  o t h e r  undes i rab le  l o s s e s  which a r e  r e l a t i v e l y  independent of wave- 
length .  These come from l o s s e s  a t  t h e  two windows, t h e  four  m i r r o r s ,  and t h e  
g r a t i n g .  By measuring t h e  power o f  a He-Ne  l a s e r  a t  va r ious  p o i n t s  i n  i t s  pa th  
through t h e  monochromator, I have determined t h a t  t h e s e  l o s s e s  a r e  g e n e r a l l y  
slightly less than 10 percent at each mirror and window, and the grating loss 
is 86 percent for one polarization and 83 percent for the other. This gives 
an overall loss of about 93 percent. While unfortunate , this loss is not 
unreasonable for this design. The transmission of the grating is perhaps two 
to three times lower than might be hoped for but doesn't seem too unreasonable, 
considering that the grating is blazed for 2 5 0 0 ~ ~ .  
The light passing out of the monochromator must now be focused onto the 
small photocathode. To do this, a coupling tube has been constructed between 
the PM tube and the monochromator slit which contains a lens which can be moved 
in the plane perpendicular to the light. The lens is 38 mm in diameter with a 
focal length of 33 nun and is positioned approximately 66 m from both the slit 
and the photocathode. The photomultiplier (~31034A) itself has a rated quqntum 
efficiency of 30 percent at 6000A. This means that of the light entering the 
monochromator, 2 to 3 percent should actually be counted. 
This figure has been cheeked experimentally in the following manner. A 
Monsanto MV2 light-emitting diode was placed 25 cm from the slit, and the number 
of photons detected was counted. To actually calculate the detection efficiency 
in the manner is unfortunately somewhat indirect. The current through the LED 
is 50 milliamps which converts to l 0 y W  in light power emitted, according to the 
manufacturer's specifications. This light is spectrally distributed in a roughly 
0 0 
triangular distribution centered at 56008 with a FW HM of approximately 80A , 
so at 5 6 0 0 ~ ~  there should be about 1.25 x 10 -' w/A'. For a slit width of 100 
the monochromator has a bandwidth of ~ A O ,  so in the monochromator bandwidth 
2.5 x ~ o - ~ w  are being emitted by the LED, and of this the portion being emitted 
into the solid angle subtended by the slit is (100 x l0~~)(1.2)cm~ . 3.0 x , 
42 1 (25z)cmZ 
so 3.8 x 1 0 - l ~ ~  enter the monochromator in the acceptance bandpass. At this 
6 wavelength this is about 10 photons/second, When this measurement was made, 
there was no lens focusing the light from the output slit of the monochromator 
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onto the photocathode. Since the photocathode was approximately]~ cm from the 
slit, this introduces the additional attenuation of the ratio of the area of 
2 the photocathode (.4 cm ) to the area illuminated at 10 cm from the slit, which 
2 for an fl6.8 monochromator is & = 5 0 cm , so the ratio is .O$. when this 
(6.89 ,. - - 
is multiplied by the expected attenuation in the monochromator of 7 x  lo-', we 
3 obtain a total attenuation of . 5 6  X or 5 6  x 10 photons detected per 
second. The actual count rate was 6900 per second, which is excellent agree- 
ment considering the uncertainties involved in the calculation, particularly 
the large error in determining the slit to photocathode distance. Since the 
photomultiplier has a rated quantum efficiency of about 40 percent, possibly 
the collection system is slightly better than was estimated. In summary, with 
- 2 the lens in place at the monochromator slit, we can expect to detect (10-~)(3 x 10 ) 
or 3 x lom5 tines the number of photons emitted in the source region in the band- 
width of the monochromator for a 500 4 slit width, and the number of photons 
detected will vary as the square of the slit width. The question remaining is 
how does this compare with the amount of scattered light detected, and how can 
this ratio be improved. 
At this stage in the experiment, it seems pointless to give a quantitative 
calculation of the amount of scattered light, particularly as the amount of 
scattered light tends to be very sensitive to innnediate experimental conditions, 
and so such theoretical calculations are of questionable value under any circum- 
stances, Instead I will quantitatively discuss the parameters which determine 
the amount of scattered light observed. The first, of course, is what causes 
the scattering. I believe that in the present cell, as was previously mentioned, 
the scattering is dominated by the 8 percent reffection off the cell window 
which strikes the oven wall and then bounces around until it enterpa the monochro- 
mator. When this is eliminated, the scattering should only be due to direct 
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i s o t r o ~ i c  sca t t e r ing  from the two c e l l  and two oven windows. For a high qual i ty  
clean window t h i s  is on the order of .l percent, but i t  is doubtful bf the windows 
can be kept clean enough t o  approach t h i s  f igure.  Another possible source s f  
sca t tered  l i g h t  is  the diverging "edges" t o  the dye l a se r  beam, which s t r i k e  
the walls  of the c e l l .  This has been v i r t u a l l y  eliminated simply by placing 
an aperture a f t e r  the output mirror of the laser .  Once the l i g h t  has been 
sca t tered  off  the windows, i t  must bounce around u n t i l  it enters  the monochromaWr 
It is because of t h i s  t h a t  i t  helps t o  have the windows f a r  from the source 
region, and l i g h t  ba f f l e s  i n  the c e l l .  How much of t h i s  sca t tered  l i g h t  w i l l  
get i n t o  the monochromator obviously depends on the aperture r a t i o  of the 
monochromator. The ideal  s i t u a t i o n  i n  t h i s  regard, which is  used i n  many l i g h t  
sca t t e r ing  experiments where the  crossect ion is  the fundamental l i m i t  on the 
amount of s ignal ,  i s  t o  have a very small source region, which allows one t o  
use a very high aperture r a t i o  col lec t ing  system, which increases both col lec t ion  
ef f ic iency and iso la t ion .  This technique cannot be used i n  the present experi- 
ment, however, because the dens i ty  of s t a t e s  i s  the l imit ing fac to r  on the  s ignal  
r a the r  than the crossection, so  the source region must be kept r e l a t i v e l y  large.  
Within t h i s  l imi ta t ion ,  however, it has been previously shown t h a t  the monochro- 
mator e f fec t ive ly  "sees" a l l  of the source region and very l i t t l e  e l s e  which 
is the  optimization c r i t e r i a  f o r  the s ignal  t o  s t r a y  l i g h t  r a t i o .  
The sca t tered  l i g h t  which has entered the  monochromator i n  s p i t e  of the 
source locat ion f i l t e r i n g  encounters the second l i n e  of defense--spectral f i l t e r -  
ing. Because we expect the dimers t o  r ad ia te  a t  a wide range of energies,'some 
subs tan t i a l ly  sh i f t ed  from the -exci ta t ion  energy, the difference going i n t o  the 
k i n e t i c  energy; we can expect t o  see the radia t ion  i n  spec t ra l  regions away from 
the dye l a s e r  wavelength. This i s  very important because it allows us t o  use 
the monochromiator a s  a spectra* f i l t e r  t o  eliminate the sca t tered  l i g h t .  While 
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not p e r f e c t ,  of  course ,  t h e  a d d i t i o n a l  i s o l a t i o n  f a c t o r  of  l o 3  t o  l o 4 ;  which 
was mentioned b e f o r e ,  i s  c r u c i a l  i n  t h e  experiment. 
The previous  d i s c u s s i o n  of  s c a t t e r e d  l i g h t  h a s  been somewhat a b s t r a c t ,  but  
t h e r e  a r e  a  number o f  s p e c i f i c  p o i n t s  which bear  on t h e  experiment and v i c e  ve r -  
s a ,  which I w i l l  mention. The f i r s t  i s  t h e  exper imenta l  evidence t h a t  l i g h t  
s c a t t e r i n g  encountered i n  a  crude des ign  wi thout  b a f f l e s  i s  low enough, and t h e  
de tec ted  s i g n a l  h i g h  enough t o  make t h e  experiment p o s s i b l e .  This  h a s  been t r u e  
even w i t h  q u i t e  d i r t y  windows and t h e  i n s i d i o u s  r e f l e c t i o n  mentioned p rev ious ly .  
This  i s  mainly due t o  t h e  i s o l a t i o n  supp l i ed  by t h e  monochromator. However, 
t h e r e  a r e  a number of t h i n g s  which have been t r i e d  o r  can be t r i e d  t o  reduce 
t h e  s c a t t e r e d  s i g n a l  and improve s i g n a l  c o l l e c t i o n .  The f i r s t  t h i n g ,  obviously ,  
i s  t o  a l i g n  t h e  windows. Another f e a t u r e  o f  t h e  c e l l  which could be improved i s  
t h e  "Light p ipe"  t y p e  ou tpu t  des ign.  The p rev ious  c a l c u l a t i o n  i n d i c a t e s  t h a t  
t h i s  w i l l  j u s t  funne l  s t r a y  l i g h t  i n t o  t h e  monochromator wi thout  c o n t r i b u t i n g  
anything t o  t h e  s i g n a l .  I n  t h e  p a s t  a l l  of t h e  c e l l  was coated w i t h  lampblack 
except  f o r  t h e  s c a t t e r i n g  r e g i o n  which was s i l v e r e d  a s  a n  a t t empt  t o  dec rease  
t h e  s c a t t e r e d  l i g h t  t o  s i g n a l  r a t i o ,  but  n e i t h e r  of  t h e s e  c o a t i n g s  could s tand 
t h e  h igh  temperatures ,  However, t h e  i n s i d e  of  t h e  oven has  been coated w i t h  
b lack Saur i sen  i n s a l u t e  cement, but  i t  i s  unknown how much e f f e c t  t h i s  has  had. 
It does not  appear  t h a t  t h e  s t r a y  l i g h t  i s o l a t i o n  o r  t h e  t r ansmiss ion  of  t h e  
monochromator can be improved s u b s t a n t i a l l y  wi thou t  going t o  a  v a s t l y  more ex-  
pensive  ins t rument .  One a l t e r n a t i v e  t o  a  monochromator which has  been considered 
i s  t o  use  narrow band d i e l e c t r i c  f i l t e r s  t o  g i v e  g r e a t e r  s p e c t r a l  i s o l a t i o n  o f  
s c a t t e r e d  l i g h t  and i n c r e a s e  t h e  c o l l e c t i o n  s o l i d  angle .  However, t h i s  l a c k s  t h e  
s i m p l i c i t y  and f l e x i b i l i t y  o f  t h e  monochromator system. The l a r g e s t  l o s s  of  s i g -  
n a l  w i t h  t h e  p r e s e n t  d e s i g n  i s  due t o  t h e  ext remely smal l  s o l i d  a n g l e  of  t h e  en- 
t r a n c e  s l i t .  Th i s  can be improved a  l i t t l e  by decreasing dE distance b t s en  the slit and 
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the source region, but I can think of no real fundamental improvement on the 
present design in this regard. 
VI. Photomultipliers and Single Photon Counting 
The final part of this experiment is the measuring of tne time distribution 
of the photons which arrive at the photomultiplier. A block diagram of the ap- 
paratus used to measure this distribution is shown in Figure r, and it works in 
the following manner. When the dye laser pulse strikes the photodiode, it gives 
out a voltage pulse. This pulse then triggers the discriminator which sends a 
start pulse to the time-to-height converter. Then the first photon pulse emit- 
ted by the photomultiplier after the laser is anqndified and triggers another 
discriminator which sends the stop pulse to the time-to-height converter. The 
THC then puts out a square pulse, whose voltage is proportional to the deaay 
time between the start and stop pulses, and these are fed into a multichannel 
anzlyzer to build up the distribution of first photon arrival delays. If only 
one photon is received by the photomultiplier for each laser pulse, the arrival 
distribution will be the same as the source emission distribution? This criter- 
ion of a low probability for receiving more than one photon per start pulse is 
satisfied in this experiment, where a 10 percent probability of detecting a 
photon for each laser pulse is typical. The error goes approximately as N/2 
where N is the number of counts divided by the number of laser pulses. Within 
this system there are, of course, numerous details one must worry about when 
trying to resolve times on a nanosecond to subnanosecond level. Reference 7 
gives an excellent, very comprehensive treatment of this entire subject, and I 
will only talk about the specific features of the present apparatus. The photo- 
diode used for triggering in this experiment is an E W  SGD-040A photodiode 
biased at 67 l/2 volts, This has a rated and measured risetime of one to two 

nanose'csnds f o r  Lhis b ias  vol tage,  however, the beam s p l i t t e r  r e f l e c t s  8 percent 
of the l a s e r  pulse d i r e c t l y  onto the photodiode surface which overdrives it bru- 
t a l l y  and gives an e f f ec t ive  r i se t ime f o r  t r i gge r ing  of subs t an t i a l l y  b e t t e r  
than 1 nsecond. The discr iminator  t r i g g e r s  off  the leading edge of t h i s  pulse 
and thus the  leading edge of the l a s e r  pulse.  This edge has  been measured with 
t h i s  system t o  have a r iset ime of s l i g h t l y  l e s s  than 1 nsecond. The discrimina- 
t o r s  used a r e  the  two s ides  of an  Ortec dual discr iminator  ~ 1 0 5 / ~ .  Although most 
o ther  timing experiments of t h i s  kind use constant f r a c t i o n  discr iminator;  the  
use of f ixed  l eve l  d i scr imina tors  would only seem t o  introduce a s l i g h t  spread 
t o  the d i s t r i b u t i o n ,  but f o r  determining such things a s  the slopes of exponential  
d i s t r i b u t i o n s ,  t h i s  should cause no ne t  e r ror .  The s top pulse s ide  of the timing 
c i r c u i t  begins with the photomult ipl ier  pulse,  which w i l l  be discussed i n  some 
length l a t e r  i n  the  sect ion.  This pulse is  amplified by an  EGM; AN101 ampli- 
f i e r ,  which has a ra ted  r i se t ime of 2.2 n sec ,  and, more important, a j i t t e r  of 
. 5  n sec, bu t  the measured r i se t ime looks somewhat f a s t e r .  The pulse from t h i s  
ampl i f ie r  goes i n t o  the o ther  s i d e  of the dual d i scr imina tor  which suppl ies  the 
s top pulse t o  the THC. 
The time-to-height converter  i s  an Ortec Model 4378 and goes down t o  50 n sec 
f u l l  s ca l e  with 100 p sec  j i t t e r  f o r  any reading. Most of the time the system 
is  operated with Ortec ca l ib ra t ed  delay l i n e s  a t  various places i n  the timing 
c i r c u i t r y .  The time-to-height converter  has been run i n t o  a number of mult i -  
channel analyzers  and is  now being run i n t o  an ana log- to-d ig i ta l  converter  which 
is connected i n t o  a PDP-11 computer. 
Bas ica l ly  t h i s  system i s  qu i t e  simple t o  understand, t e s t ,  and use, with 
the ~ o t a b l e  exception of the  photomult ipl ier .  Photomult ipl iers  have a l a rge  
number and v a r i e t y  of  pecul ia r  e f f e c t s  which become important when one i s  doing 
s ing le  photon timing, p a r t i c u l a r l y  when d i s t r i b u t i o n s ,  and therefore  s t a t i s t i c s ,  
. 
a r e  involved; and i n  s p i t e  of the  extensive l i t e r a t u r e  on them, these e f f e c t s  
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a r e  not c l e a r l y  understood. O r  perhaps it would be more co r r ec t  t o  say they 
appear t o  be well-understood by many d i f f e r e n t  people with cont rad ic tory  opin- 
ions.  I n  any case,  it seems sa fe  t o  say t h a t  i n  using any instrument which two 
i d e n t i c a l  models made by the same company under the  same condit ions have re- 
sponses which d i f f e r  by an order  of magnitudey8 you had b e t t e r  check everything 
about i t s  performance which is of importance i n  your experiment. References 7,  
8, 9, and 10 a l l  have extensive information on photomult ipl iers  which appl ies  t o  
t h i s  experiment. To make a f u l l  discussion of the  subject  i s  q u i t e  beyond the 
scope of t h i s  t h e s i s  o r  my knowledge. However, I w i l l  d iscuss  a spec t s  of PM 
tubes which d i r e c t l y  concern t h i s  experiment and what I have learned from my 
own t e s t s .  Although t h i s  d i scuss ion  w i l l  only d e a l  with the C31034A, most of 
the measurements were a l s o  made on the 7265, which was o r ig ina l ly  used. However, 
it was discovered t h a t  the  co r r e l a t ions  i n  t h i s  tube between photoelectron pulses 
were too  high t o  be acceptable  i n  l i f e t ime  measurements. 9 
F i r s t ,  there  a r e  the simple c h a r a c t e r i s t i c s  common t o  any photomultiplier-- 
dark cu r r en t ,  pickup, and pulse spectrum. The in tegra ted  pulse spectrum ( the 
number of pulses  of amplitude g rea t e r  than a c e r t a i n  vol tage vs. vol tage)  of 
both the  dark cur ren t  and the  photon cur ren t  f o r  the  C31034A were measured t o  
be a r a t h e r  f ea tu re l e s s  t r i a n g u l a r  d i s t r i b u t i o n  between .5V and 2.OV, which 
would have in t e r sec t ed  zero  a t  2.3V, but a b w e  2.OV the s lope t r a i l e d  o f f  show- 
i ng  a very small but long tail of high vol tage  pulses .  The s i m i l a r i t y  of the 
two curves means t h a t  t he  s i g n a l  t o  noise r a t i o  is  independent of discr iminator  
s e t t i n g s .  The dark cu r r en t  i s  about 25,000 counts per  second a t  room tempera- 
t u r e  f o r  a cathode vol tage  of 2000V and the  minimum discr iminator  s e t t i n g  of 
50mV. Simple water cool ing of t he  rube housing reduces t h i s  t o  /c/ 3000 counts 
pe r  second. Since the  usual  experimental timing window i s  100 n s e c  a f t e r  the 
l a s e r  pulse,  t h i s  means a dark cur ren t  pu lse  is detected every 3000 l a s e r  pulses 
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and is therefore  completely negl ig ib le .  
Pickup by the  photomultiplier and i t s  assoc ia ted  c i r c u i t r y  was a more 
d i f f i c u l t  problem due t o  the l a rge  amounts of RF noise produced by the n i t rogen  
laser .  
Several  s t e p s  have been necessary t o  reduce t h i s  noise t o  an  acceptable  
leveL It was v i t a l  t h a t  the cover t o  the ni t rogen l a s e r  was t i g h t l y  i n  place 
complete with i ts 54 screws and a l l  ground connections secure (a number of 
which were added), both on the l a s e r  and on the photomult ipl ier  and ampl i f ie r .  
The output cable  of  the p h o t o m l t i p l i e r  was run d i r e c t l y  t o  the f i n a l  anode, 
e l iminat ing any intermediate connections, and a low pass RC f i l t e r  w a s  connected 
t o  the cathode. The tube is  run a t  the maximum allowable gain (2000V on the  
cathode) t o  increase  the s i z e  of the photoelectron pulses  r e l a t i v e  t o  the  pickup. 
F ina l ly ,  the ampl i f ie r  has been moved very close t o  the  photomultiplier t o  re -  
duce pickup on the l i n e  between the  photomult ipl ier  and the  amplif ier .  These 
s teps  seem t o  have la rge ly  el iminated the  pickup; however, it s t i l l  cannot be 
ignored. Before each run it i s  necessary t o  check t h a t  pickup is  not causing 
spurious s top  pulses  t o  be sen t  t o  the THC, and on a bad day the d iscr imina tor  
l eve l  must be s e t  s l i g h t l y  higher  (up t o  8QmV) ins tead  of the minimum l e v e l  
of 50 mv. 
The previous problems a r e  r e l a t i v e l y  well-understood and s traightforward 
t o  el iminate ,  however, there a r e  a number of o ther  va r i ab l e s ,  p a r t i c u l a r l y  
pulse shapes and co r re l a t ions  i n  the  photomult ipl ier ,  which a f  f e c t  t h i s  experi-  
ment which have only begun t o  be appreciated and inves t iga ted  i n  the last few 
years ,as  s i n g l e  photon counting and timing on a nano and subnanosecond time 
sca le  has  developed. While there  seems subs t an t i a l  progress  toward understand- 
ing and e l imina t ing  undesirable e f f e c t s ,  8'9'10thk " s t a t e  of the a r t "  is s t i l l  
how well  a given individual  can do i n  h i s  own laboratory.  There a r e  s eve ra l  
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f ea tu re s  of the PM pulses  which a r e  important i n  t h i s  experiment--f i rs t ,  the 
photoelectron pulses  must have a r iset ime f a s t  enough f o r  good timing reso lu t ion ,  
which i n  t h i s  experiment means on the order  of a few nanoseconds. This is  
f a i r l y  e a s i l y  s a t i s f i e d  by many tubes. A pulse from the C31034A is shown i n  
Figure 6 ,  showing a r i se t ime of l e s s  t h a n a . 5  n sec.  A l a rge r  l i m i t  on the 
time reso lu t ion  i s  imposed by the  j i t t e r  of the pulses r a t h e r  than t h e i r  r i s e -  
time. The j i t t e r  i s  the  f luc tua t ion  i n  t r a n s i t  time f o r  the pulse down the 
dynode chain, and i t  is genera l ly  agreed t h a t  t h i s  j i t t e r  comes pr imari ly  from 
the  photoelectrons being emitted from d i f f e r e n t  p a r t s  of the photocathode. 7,11,12 
The C31034A has a very small photocathode which makes it p a r t i c u l a r l y  well-  
s u i t e d  i n  t h i s  regard. Although the  j i t t e r  f o r  t h i s  p a r t i c u l a r  tube has never 
been measured d i r e c t l y ,  References 1 and 5 ind ica t e  t h a t  it should be s l i g h t l y  
under 1 nanosecond, and my own measurements have been ab le  t o  s e t  an upper 
l i m i t  of about 1 nanosecond. I n  one sense ne i the r  the j i t t e r  nor the  pulse 
r i s e t ime  is p a r t i c u l a r l y  c r u c i a l  i n  t h i s  experiment because they, l i k e  the  
d iscr imina tor ,  can only cause a spread i n  the d i s t r i b u t i o n ,  but  a s  long a s  t h i s  
is  s m a l l  compared t o  the s i z e  of the exponential ,  they w i l l  have no inf luence 
on the  slope of the exponential  decay, which i s  the fundamental quant i ty  i n  which 
we a r e  i n t e re s t ed .  
However, co r r e l a t ion  e f f e c t s  between pulses  can be very important f o r  j u s t  
t h i s  reason.' This was not  a t  a l l  obvious a t  f i r s t ,  and i n  f a c t ,  probably 
would not  be a f ac to r  were it not f o r  the  sca t t e r ed  l i g h t .  I n i t i a l l y  I knew 
t h a t  co r r e l a t ion  e f f e c t s  were possible;  however, I thought t h a t  they would have 
t o  last from one l a s e r  pulse t o  the next (.01 seconds) t o  be observed, which 
was extremely unl ikely.  The reasoning being t h a t  as long as it was j u s t  the  
f i r s t  photon which w a s  de tec ted  whatever happened a f t e r  t h a t  w a s  not  observed 
and s o  d idn ' t  matter.  It was only a f t e r  the s t range  r e s u l t s  of preliminary 
measurements using the  7265 tube t h a t  i t  was r ea l i zed  t h a t  t h i s  was not the  case. 
These measurements showed th ings  l i k e  very long (40 n sec) t a i l s  t o  the dye 
l a s e r  o r  LED pulses ,  which were shown t o  not e x i s t  by the C31034A. The only 
possible  explanation I have been ab le  t o  make f o r  t h i s  phenomenon is t h a t  I 
am seeing cor re3a t ians  with previous photoelectron pulses  which were below 
the d iscr imina t ion  leve l .  While t h i s  must be a low probabi l i ty  occurrence, 9 
i t  i s  an important f a c t o r  i f  the s ca t t e r ed  l i g h t  i s  much l a rge r  than the  s igna l .  
It has been possible  t o  operate  the sodium c e l l  a t  high enough temperatures so  
t h a t  i n  c e r t a i n  l imited spec t r a l  regions the peak of the s igna l  d i s t r i b u t i o n  is 
a s  la rge  a s  the sca t t e r ed  l i g h t  peak, so presumably the  co r r e l a t ion  e f f e c t s  
w i l l  have l i t t l e  imfluence. This ,  however, is very r e s t r i c t i v e  and it c l e a r l y  
is  des i rab le  t o  have a system where, not only could r e l a t i v e l y  large amounts 
of s ca t t e r ed  l i g h t  be to l e ra t ed ,  but  could ac tua l ly  be discriminated out  of the 
timing process.  The d i s t i n c t i o n  here  i s  qu i t e  important both i n  the demands it 
makes on the  photomult ipl ier  and the  experimental freedom it allows, bu t  probably 
makes no sense t o  anyone who has not  worked with t h i s  p a r t i c u l a r  form of timing. 
When I r e f e r  t o  the " to le ra t ion t '  of s ca t t e r ed  l i g h t ,  I mean t h a t  the f i n a l  out- 
put  d i s t r i b u t i o n  would have a la rge  shor t  i n i t i a l  peak of s ca t t e r ed  l i g h t  followed 
by the exponential  decay of the s igna l ,  and the shape of t h i s  exponential  decay 
would be unaffected by the  sca t t e r ed  l i g h t .  This was the context of the  previaus 
d iscuss ion  and requi res  only t h a t  there be no e f f e c t  l i k e  the one j u s t  mentioned. 
However, with t h i s  timing system it should be remembered t h a t  i t  is  only possible  
t o  dec tec t  one photon per  l a s e r  pulse (ac tua l ly  about 10 percent of t h i s  t o  ge t  
a n  unskewed d i s t r i b u t i o n )  so i f  t he re  a r e  lo4 sca t t e r ed  photons f o r  every 
s igna l  photon, the  da t a  accumulation r a t e  is  very slow. So what would be des i ra -  
b l e  is t o  de lay  the  photodiode s igna l  so t h a t  the s top  pulses caused by the  
sca t t e r ed  l i g h t  a r r i v e  a t  the THC before the start pulse.  Then the only s top  
pulses  which w i l l  be timed w i l l  have come from the des i red  s i g n a l ,  and t h i s  is  
what is meant by "time discr iminat ion."  This  would allow the s l i ts  t o  be opened 
much wider t o  give a much g rea t e r  da ta  accumulation r a t e .  I n  t h i s  way a l l  the 
sca t t e r ed  l i g h t  is discr iminated out on the bas i s  of i t s  a r r i v a l  time, and i t  
would only be necessary t o  achieve s u f f i c i e n t  s ca t t e r ed  l i g h t  i s o l a t i o n  so  t h a t  
the  photomult ipl ier  tube does not  do something d r a s t i c  l i k e  s a tu ra t e .  Now in- 
s t ead  of j u s t  having t o  worry about co r r e l a t ions  with a photoelectron pulse 
below the discr iminator  l eve l ,  i t  is  necessary t o  worry about co r r e l a t ions  with 
a tremendous e a r l i e r  pulse.  
The C31034A has been t e s t e d  t o  determine how wel l  i t  would s a t i s f y  the  f i r s t  
c r i t e r i a ,  a s  wel l  a s  checking the  timing i n  general ,  as ing  the c i r c u i t  shown i n  
Figure 7. The LED used was a spec i a l  Fe ran t i  XP-21 gallium phosphidediode with 
a r a t ed  r iset ime of .5 n sec,  operated i n  the  back biased mode shown i n  Figure 8, 
and the Pulser  was a Tektronix 111 pre t r igge r  pulse generator.  This i s  very 
similar t o  what was done i n  Reference 11 except we have used a f a s t e r  LED 
and a slower pulser .  The pulser  output w a s  measured on a Tektronix sampling 
osci l ldscope and has a base width of 3 1/4 n sec  and a FWHM of 2 n sec f o r  an 
approximately t r i angu la r  pulse.  The pulse as measured by photon counting has 
a FWHM of about 3 n s e c  and a base width of about 5 n sec. This  v e r i f i e s  t h a t  
t he  timing equipment r e a l l y  is  working as expected with a r e so lu t ion  time of 
a t  l e a s t  1 n sec  and possibly b e t t e r  because there  is no way t o  t e l l  i f  the  
photodiode a c t u a l l y  sees  a pulse a s  sho r t  a s  the one viewed on the terminated 
scope o r  one somewhat longer due t o  mismatched impedances. The second important 
r e s u l t  from t h i s  test w a s  t he  r e s u l t  t h a t  f o r  a pulse 1000 times l a rge r  than the 
dark  cur ren t ,  t e n  nanoseconds o r  longer a f t e r  the peak of the  LED pulse the dark 
cu r r en t  shows no sho r t  term c o r r e l a t i o n  e f f e c t s  with the inc ident  pulse g rea t e r  
than  the  expected Poisson f luc tua t ions  between time channels. ThC s t a t i s t i c s  
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made t h i s  about 5 percent.  However, i n  t h i s  region (10 n sec  and longer) the 
dark cur ren t  i s  uniformly increased by about a f a c t o r  of th ree  and then decays 
exponent ial ly  back t o  the  normal l e v e l  with a time constant  of about 160 n sec. 
Unfortunately, a t  the time of these t e s t s ,  the tube w a s  not t e s t ed  as t o  whether 
i t  s a t i s f i e d  the second c r i t e r i o n  o r  not .  Further  t e s t s  have been made on the  
photomult ipl ier  using the l a s e r  pulse i t s e l f .  To avoid overlap with the next 
s ec t ion ,  we w i l l  ignore a l l  c h a r a c t e r i s t i c s  of the l a s e r  pulse except t o  say 
t h a t  it i s  5 n sec  wide with a 1 n sec  r i se t ime and a 2 o r  3 n sec f a l l  time 
(or j i t t e r  i n  pulse length,  t h i s  experiment cannot d i f f e r e n t i a t e  the two). 
Looking a t  the l a s e r  pulse i n  the  same way as was done with the  LED pulse,  the 
MCA output shows the l a s e r  pulse,  then four  orders  of magnitude lower and 10 n sec  
a f t e r  the  peak, i t  i s  possible  t o  see  the spontaneous f lorescence from the  dye 
f o r  8 more n sec,  a t  which poin t  i t  abrupt ly  ends, and a l l  t h a t  remains is the 
dark cu r r en t ,  approximately 4 1/2 orders  of magnitude l e s s  than the l a s e r  pulse.  
Again the dark cur ren t  shows only Poisson f luc tua t ion ,  but s ince  there  a r e  
around 5 counts/channel,  t h i s  i s  hard ly  a precise  measurement. A more re levant  
f i gu re  is  t h a t  the average dark cur ren t  i s  wi th in  a f a c t o r  of two of the normal 
number of dark cur ren t  counts one would expect i f  t he  l a s e r  w a s  not there.  When 
run on a longer time s c a l e ,  the dark cur ren t  again shows an  exponential  decay 
with a 160 n sec  l i f e t ime  down t o  about 1/2 i t s  value immediately following the 
l a s e r  pulse. From these  r e s u l t s  it seems s a f e  t o  conclude t h a t  i f  t he  s igna l  
is  not more than th ree  orders  of magnitude l e s s  than the sca t t e r ed  l i g h t  (a 
p r a c t i c a l  l i m i t  which must be met because of da t a  taking time considerat ions) ,  
a l l  co r r e l a t ion  e f f e c t s  a f t e r  10 n sec  a f t e r  the l a s e r  peak a r e  negl ig ib le .  
The second c r i t e r i o n ,  while s t i l l  not inves t iga ted  f u l l y ,  has shown s igns  of 
being s a t i s f i e d  i n  a s l i g h t l y  d i f f e r e n t  experiment. I n  t h i s  experiment the  dye 
l a s e r  was tuned t o  the sodium D-line, and the sca t t e r ed  l i g h t  and the sodium 
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florescence were observed. First, the sodium lifetime was measured to be 16 n sec. 
Then the monochromator slits were opened until there was a 100 percent prob- 
ability of the THC receiving a stop signal from the scattered light for every 
dye laser pulse. Then the start pulse was delayed until approximately 15 n sec 
after the peak of the scattered light, and the signal was then about 10 Co~ntS 
from the sodium florescence only, and the distribution looked like a pure 
exponential with the same lifetime. In this case, because of the limitations 
of the equipment, the exact ratio of scattered light to signal was not measured; 
however, a ratio of 100 seems like a reasonable lower estimate. This procedure 
was repeated in an actual data run looking at dimer lifetimes with -40 c ~ ~ ~ t S  
of scattered light and -4  C'$$ts of signal with the same null effect. These 
results are somewhat unexpected and still under suspicion, mostly because of the 
form of the photomultiplier pulse shown in Figure 6, From this one would expect 
correlations of some sort to be observable for a substantial time on the 100 n sec 
scale with which we are concerned. At this point further study is in order to 
resolve this apparent paradox, and to determine just how well it is possible to 
eliminate correlations of this nature, which will also ultimately determine how 
much prephotomultiplier isolation from scattered light is necessary. One aspect 
of this study, the pulse shape, is a puzzle in itself. I have determined that 
this apparent ringing is definitely within the tube itself and is unaffected 
by varying the voltage or terminating the last anode with a 50JLresistor directly 
to ground. The discussions of pulse shapes in References 9 and 12 and the effects 
of dynode chain circuitry may apply to this case, but this remains to be seen. 
It has been shown that the single-photon timing system used in this experi- 
ment can be used under certain conditions with a high degree of confidence, and 
that these conditions can be satisfied well enough to carry out most of the 
investigations currently contemplated. However, the limits to which this system 
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can be extended, both i n  terms of accuracy and sca t t e r ed  l i g h t  condi t ions,  re- 
main t o  be determined by f u r t h e r  i nves t iga t ion  and understanding. 
V I I .  Results and Future Work 
There a r e  already many r e s u l t s  from t h i s  experiment, but the only sa fe  con- 
c lus ion  which can be made i s  t h a t  the apparatus i s  now working and there  i s  a 
grea t  dea l  more study t o  be done with it.  I should fxpla in  t h a t  the equip- 
ment has only been working f o r  a very shor t  time, which i s  why the r e s u l t s  pre- 
sented here a r e  so unthorough. While the  cen t r a l  purpose of t h i s  t h e s i s  and the 
construct ion of t h i s  apparatus has been the search f o r  the symmetric exc i ted  
dimer s t a t e ,  i . e .  observing something with a n  8 nsec l i f e t ime ,  the very high 
i n t e n s i t y  tunable source and the a b i l i t y  t o  measure the spectrum and l i f e t ime  
f o r  very few photons make i t  well-sui ted f o r  a v a r i e t y  of spectroscopy r e l a t ed  
experiments. Several i n t e r e s t i n g  phenomena have already been observed acciden- 
t a l l y  i n  the sodium vapor which may prove well  worth fu r the r  study; however, 
f o r  the time being they have been neglected i n  order t o  pursue the search f o r  
the dimers. The r e s u l t s  presented here w i l l  simply be a chronological l i s t i n g  
of what has been observed up t o  t h i s  po in t ,  and i n  some cases  a sho r t  discussion 
of what these might mean. F ina l ly ,  there  w i l l  be a sho r t  sec t ion  on what fur-  
t h e r  inves t iga t ions  a r e  being considered. The most useable form of the  da ta  has 
been photographs of the MCA analyzer  readout onto an osci l loscope screen. A 
por t ion  of the  a c t u a l  da ta  i s  sho-m i n  Appendix 1. 
The f i r s t  thing which was observed was just the l a s e r  pulse i t s e l f .  The 
shape of t h i s  pulse has never changed not iceably- - i t  has a very sharp leading 
edge (-1-n-sec), i s  about 5 n sec  wide, followed by a 2 - 3 n sec t r a i l i n g  
edge. When observed through the monochromator, i t  becomes somewhat broadened. 
Next, t he  l a s e r  was tuned t o  the N a  D l i n e  t r a n s i t i o n s  a t  5890 A and 5896 A', 
and the  florescence l i f e t ime  observed. Since r ad i a t ion  t rapping s e t s  i n  at 
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1 5 0 ° ~ ,  the f i r s t  observations of florescence showed l i f e t imes  g rea t ly  s t re tched  
by r ad ia t ion  trapping. Subsequent measurements were made a t  lower temperatures, 
and the decay l i f e t ime  w a s  observed t o  be the l e n  sec  l i f e t ime  of the sodium 
D l i n e .  This has been used as a c a l i b r a t i o n  standard throughout the experiment, 
and based on these measurements, I be l ieve  the other  l i f e t imes  measured subse- 
quently have an e r r o r  of l e s s  than 2 1 n sec  f o r  reasonably c lean  exponentials.  
Another r e s u l t ,  the onset  of the sa tu ra t ion  of the sodium vapor, i s  discussed 
i n  Appendix 2. One e f f e c t  i n  the sodium vapor, which w a s  then stumbled onto, 
was the f i n e  s t r u c t u r e  changes. I have observed t h a t  fo r  input  l i g h t  a t  5890~' 
there i s  subs t an t i a l  amounts of l i g h t  re-emitted a t  5896 and v i ce  versa f o r  
input l i g h t  a t  5896. A second unexpected e f f e c t  which has been observed is  a 
shortening of the l i f e t ime  a t  high Na pressures  (somewhere above 5 x t o r r ) .  
This is very dramatic t o  see. A s  the  temperature increases ,  the  observed l i f e -  
time ge t s  longer and longer due t o  r ad i a t ion  t rapping and then suddenly a l l  
the l i g h t  which comes outl t o  the accuracy ava i l ab l e ,  j u s t  r e f l e c t s  the input  
pulse shape, 5.e. i s  prompt. This l i g h t  disappears  when the l a s e r  i s  not a t  
the Na resonance and s o  d e f i n i t e l y  seems t o  be a resonance e f f e c t  i n  the atoms 
r a t h e r  than sca t t e r ed  l i g h t .  The f i r s t  explanation which was suggested was 
c o l l i s i o n a l  shortening of the l i f e t ime ,  but it is  much harder  t o  suggest the 
exactmechanism. A r e s o n a n c e c r o s s e c t i o n o f  ~ 4 \ 2 w o u l d g i v e a c o l l i s i o n r a t e  
high enough t o  explain these r e s u l t s ;  however, the  necessary c o l l i s i o n  process 
would seem t o  be Na* + Na JNa + Na 4 Y which would not seem t o  be a resonance 
process.  One l a s t  add i t i ona l  observation which was made was t h a t  when t h i s  
prompt r ad i a t ion  i s  being observed there  seems to  be much fewer, i f  any, 
f i n e  s t ruc tu re  changes. 
After seeing these effects the hunt for dimers was renewed with a somewhat 
greater respect for the complexity of the behavior of the sodium vapor. The 
results obtained from this were harder to understand. The observed lifetime 
shown in the table below is a complete mystery at this point. If the observed 
is coming from the dimers, the strange lifetimes are completely unexplainable 
in terns of our current understanding. 
Lifetime (n sec) 
4 i ,  Arne, & 1st 2nd Picture No. APP. 1 
Where A X i s  the FWHM of the monochromator. 
The second exponential observed in many of these runs is believed to come from 
the off-resonance excitation of free sodium atoms, which is at the same wavelength 
as the laser and has leaked through the monochromator. Within the rather large 
uncertainties in estimating the lifetimes for this second exponential, they 
5 have the proper 16 n sec lifetime. For excitation light 10 linewidths (-8DA) 
from the resonance, the number of excitations should be about n x 10"~ times 
the ratio of the laser width to the natural linewidth,assuming the laser pulse 
has sufficient power to just saturate the transition. For these conditions 
14 T -300' g n -3.5 x 10 /cc and the laser - 2 ~ '  wide so the number of exci- 
8 tations -10 /cc. This is just about the borderline of whether they should be 
visible or not--if it was noise, I would assume it would be visible, if it was 
signal, I would probably assume it wouldn't be. There is also a slight posei- 
bility that these second exponentials are an instrumental artifact of the analog 
to digital converter. 
1: is obviously futile to make any attempts at conclusions based on these 
results, h.:wu.ever they suggest many further investigations which must be carried 
out and s o ~ x  others which could prove interesting. 
The Ei..rst; thing fs to measure the full dimer spectrum as a function of laser 
input wavelengths. Also the absolute counting rates and the pressure dependence 
should be measured. Another phenomena I would like to study is the prompt reso- 
nance radiation which was observed. A careful measurement of the pressure depen- 
dence should give strong indication as to whether this is a collision phenomena 
Finally, there are still useful measurements which can be made on radiation 
trapping in sodium. In what is apparently the only study on the subject, Krause 
in Reference 13 was only able to look ht the to 3p1I2 and 35'" to 3P 312 
transitions simultaneously. Since the radiation trapping crossection should be 
twice as large for the latter it seems worthwhile to establish this experimentally, 
particularly because the present apparatus makes this measurement so easy to do. 
Another failing of the Kraase experiment was his inability to determine the 
geometry of the florescent region--a fundamental parameter in the radiation trap- 
14 
ping. Because of the high intensity of the dye laser, it should be possible 
to accurately control this geometry. The fine structure exchange may also be 
of some interest, since the observed values of transfer (on the order cf 50 per- 
cent) appear to be much higher than one would expect from previous studies of 
15 
this phenomenon in alkalis. 
There are also several technical improvements being considered. The first, 
whsch is nearly completed, is the sapphire-windowed cell and the new oven. These 
should greatly reduce scattered light and improve temperature control. It will 
also make it possible to move the cell closer to the monochromator to increase 
the collectio,~ efficiency. In addition, a bolometer has been acquired to measure 
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the l a s e r  power. An improvement being considered i s  the use of d i e l e c t r i c  
f i l t e r s  f o r  reduction of s ca t t e r ed  l i g h t .  These have three main disadvantages-- 
high p r i c e  f o r  an item s u i t a b l e  f o r  the present needs, the need f o r  many f i l -  
t e r s  t o  cover the s p e c t r a l  range of i n t e r e s t ,  and f i n a l l y ,  they a r e  not  e a s i l y  
compatible with the present  system because i t s  l i m i t a t i o n  is  t h a t  i t  can only 
accept l i g h t  i n  a very small s o l i d  angle,  while a d i e l e c t r i c  f i l t e r  must have 
very well-collimated l i g h t .  A primary f ac to r  i n  t h i s  considerat ion w i l l  be how 
much sca t t e r ed  l i g h t  the new c e l l  w i l l  cause. I t  is  a l s o  important t o  study 
how much temporal i s o l a t i o n  of s ca t t e r ed  l i g h t  the photomult ipl ier  is capable 
of aahieving,  p a r t i c u l a r l y  under d i f f e r e n t  dynode c i r c u i t  configurat ions.  The 
f i n a l  technica l  improvement t o  be considered is  t o  extend the dynamic range of 
the counting system. A t  the present  i t  i s  severely l imited by low count r a t e s  
( l e s s  than 3 per  second) a t  one end, and the e r r o r s  introduced by the s t a t i s t i c s  
a t  h igher  count r a t e s  (5 percent a t  10 counts/second), which i s  a r i d i cu lous ly  
small range. Since it appears q u i t e  possible  t o  obta in  much higher count r a t e s ,  
it i s  des i r ab l e  t o  modify the equipment i n  some way t o  avoid wasting t h i s  s igna l .  
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l e f t .  The first few channels a r e  noise usua l ly  followed by a peak from the  
s c a t t e r e d  l i g h t .  
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Appendix 3 
Key t o  Figure 9 
Case 1: E l e c t r i c  d ipo le  dirner formation 
Case 2: E l e c t r i c  quadrapole dimer formation 
Case 3: ExcitatJ.on i n t o  an exc i ted  s t a t e  where the vibrat iona l  ( r e l a t i v e  
k i n e t i c )  energy i s  larger than the in teract ion  energy. 
Case 4 :  Off resonance atomic e x c i t a t i o n  
Case 5: Transit ions  from the regular Na2 molecular ground s t a t e  
Case 6: Transit ions  from Na2 Van der Waals molecules.  
F i g . 9  S i x  Types of Transitions Induced by a 
Narrow Band Laser P u l s e .  
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